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Nomenclature
Capital letters
A surface area of a droplet
A2 second virial coefficient
AR aspect ratio
B bulk modulus
Bo Bond number
Bs Spalding transfer number
C solute concentration
◦Cdp dew-point temperature
D diffusion coefficient
E activation energy
Ekin kinetic energy
Epot potential energy
Fax axial force
Frad radial force
Fw weight force
G Gibbs´ free energy
∆H change of enthalpy
K∗ optical constant
Km Michaelis-Menten constant
M molar mass
MW weight average molar mass
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Nomenclature Nomenclature
NA Avogadro´s number
Nu Nusselt number
P (θ) form factor
Pe Peclet number
Q˙gas heat flux from environment to the drop
Q˙l heat flux inside a drop directed to surface
R universal gas constant
R(θ) excess intensity of scattered light at angle θ
Re Reynolds number
∆S change of entropy
Sh Sherwood number
T absolute temperature
Tda temperature of the drying air
Tg glass transition temperature
Tm melting temperature
Tout outlet air temperature
Ts surface temperature
Twb wet bulb temperature
V˙ volumetric flow rate
V volume
Small letters
a radius of a surface equivalent sphere
c speed of sound wave
d diameter
dh(t) time dependant horizontal diameter
ds diameter of a sphere
dv(t) time dependant vertical diameter
dnRI/dc refractive index increment
f frequency
II
Nomenclature
f(x) geometric factor
g gravity acceleration
hc convective heat transfer coefficient
hD mass transfer coefficient
k wave number
kB Boltzmann constant
kd thermal conductivity of a droplet
kr reaction rate coefficient
l distance between transducer and reflector
lc length of a capillary
ln/min liter normal per minute
m/m weight/weight
m/v weight/volume
n natural number
nRI refractive index
p pressure
pσ capillary pressure
ph hydrostatic pressure
pmax maximum pressure amplitude
r radius
r(t) time dependent radius
r0 initial droplet radius
rg radius of gyration〈
r2g
〉
mean square radius of gyration
rH hydrodynamic radius
rh horizontal radius
rv vertical radius
rhda relative humidity of the drying air
t time
III
Nomenclature Nomenclature
v velocity
vda velocity of drying air
vgas air flow rate
vmax maximum particle velocity
vp velocity of particles
vr,max maximum reaction rate
vr reaction rate
z distance between wave node and reflector
Small greek letters
β evaporation coefficent
δD thicknes of the diffusion boundary layer
η dynamic viscosity
ηgas dynamic viscosity of a gas
γ isentropic expansion factor
λ wavelength
λ0 wavelength of light in a vacuum
ω circular frequency
φint starting volume fraction
ρ density
ρds density of gas at droplet surface
ρgas density of a gas
ρl density of a liquid
ρw density of water
σ surface tension
σw surface tension of water
τD drying time of a droplet
ξ amplitude of particle displacement
Expressions
BSA bovine serum albumin
IV
Nomenclature
DLS dynamic light scattering
DSC differential scanning calorimetry
HF high frequency
HPLC high performance liquid chromatography
IgG immunoglobulin G
IR infrared
L−GDH l-glutamic dehydrogenase
LC liquid chromatography
LS light scattering
MALS multi-angle light scattering
MFT minimum film formation temperature
MWCO molecular weight cut off
NAD(H) nicotinamide adenine dinucleotide (reduced form)
NADP(H) nicotinamide adenine dinucleotide phosphate (reduced form)
PEG polyethylene glycol
QELS quasi elastic light scattering
RI refractive index
SEC size exclusion chromatography
SEM scanning electron microscopy
SLS static light scattering
SPL sound pressure level
TEC triethylcitrate
UHPLC ultra high performance liquid chromatography
UV ultra violett
Mathematical/physical constants
pi 3.14
dnRI/dc 0.185 ml/g for proteins
g 9.81m/sec2
kB 1.38 · 10−23J/K
V

1 General Introduction
Ultrasonic acoustic levitation makes contactless holding of materials possible. Small
droplets or particles can be levitated in the nodes of a standing acoustic wave which
is generated between a reflector and transducer (Frohn and Roth, 2000). This levi-
tating acoustic field makes it possible to use analysing tools without any disturbing
factors of holding devices like cuvettes or pendant droplets that might affect the
observed system. Therefore it has become an important tool in scientific research
areas like aerospace science investigating the combustion of alcohols in microgravity
environment (Ruff et al., 2003), material science exploring the behaviour of sub-
stances like cement reacting with water (Schlegel et al., 2012), or pharmaceutical
research measuring the kinetics of protein damage during drying (Lorenzen, 2013).
In this work the acoustic levitator is utilised for studies on the drying procedure of
levitated droplets referring to the spray-drying process. Spray-drying is a common
operation in various industrial sectors e.g. food production, chemicals and pharma-
ceuticals. Solutions of different solvents as well as emulsions or dispersions can be
spray-dried by atomizing flowable liquids to small droplets, exposing these droplets
to an air current to remove the moisture, and collecting the resulting particles us-
ing a cyclone where the dried particles are separated from the gas. This process
is suitable for sensitive substances like hormones, proteins or volatile substances
like essential oils, the latter can be dried by micro-encapsulation (Rosenberg and
Sheu, 1996). Furthermore, spray-dried powders may posses properties like good
flow characteristics, adjustable residual humidity and particle size (Masters, 1990).
1
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Category Method
Structural analysis
– Fourier-transform-infrared spectroscopy (FTIR)
– Raman spectroscopy
– Circular dichroism (CD)
– Fluorescence spectroscopy
– Nuclear magnetic resonance spectroscopy (NMR)
Determination of
quantity and size
– Size-exclusion high performance liquid
chromatography (SE-HPLC)
– Reverse-phase HPLC (RP-HPLC)
– Field flow fraction (FFF)
– Light scattering (LS): static (SLS) and dynamic
light scattering (DLS)
– Analytical ultracentrifugation
– Nanoparticle tracking analysis (NTA)
– Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)
– Light obscurance
– UV-Vis spectroscopy/turbidity/opalescence
Table 1.1: Analytical methods for protein aggregation
Since most biologics, e.g. proteins, are administered via the parenteral route the
simplest and most economical formulation would be an aqueous solution (Kendrick
et al., 2002). But not all biopolymers are stable enough in solution and need there-
fore to be dried to achieve acceptable storage periods. Nevertheless stress conditions
during drying e.g. freezing, atomization of liquid or heat exposure, can lead to ag-
gregation (Costantino et al., 2000; Roy and Gupta, 2004; Maury et al., 2005a).
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Sauerborn et al. (2010) have shown, that once administered to a patient, aggregates
of therapeutic proteins have a high risk of an immune response and can result in
therapy failure. Therefore precise and entire detection methods of aggregates during
development as well as in process control are essential. In Table 1.1 a summary of
frequently used methods in protein analytics is given.
The objective of this work was to expand the capabilities of acoustic levitation in
terms of droplet drying by investigating analytical methods for determination of
structural changes of protein denaturation during drying, by investigating methods
for determination of residual moisture content in particles, and by studying the
suitability of acoustic levitation for investigation of drying kinetics of polymer latex
dispersions.
In the first part of this work a technique to determine protein aggregation during
drying of levitated droplets is introduced. Levitated protein solutions were dried
and analysed by utilization of size exclusion chromatography combined with three
detectors (UV-Vis, light scattering and refractive index). Furthermore raman spec-
troscopy was tested for suitability to determine secondary structure shifts during
drying of droplets. The inactivation of enzymes in dried levitated particles is set in
comparison to results achieved in droplets measured at the beginning of the drying
process.
The second part of this work deals with measurements of air humidity in the drying
chamber and calculation of particle humidity at the end of the drying process. This
part considers variations in the containment of the acoustic field which may have an
impact on the stability of the acoustic field and consequently on the droplet stability
and the droplet shape.
In the last part the drying kinetics of synthetic polymer dispersions are analysed.
The differences between the drying process of a dispersion with a glass transition
temperature (Tg) below the drying temperature and one with a Tg above the drying
temperature are determined and discussed.
3

2 Theoretical background
2.1 Acoustic levitation
2.1.1 Introduction to acoustics
Acoustics deal with the formation, transmission and the reception of sound in elastic
media. The term “acoustic wave” means a sequence of elastic displacements of
molecular particles or pressure pulses spreading through different media like gases,
liquids, or solids. As sound waves need particles to propagate they cannot spread
in a vacuum. These particles are activated to oscillate around their equilibrium
and therefore transport energy. In solids longitudinal and transverse propagation of
acoustic waves is possible. In gases and liquids waves propagate by periodic changes
of compression and rarefaction of the medium so that only longitudinal waves result
(Halliday et al., 2007). The speed, c, with that a sound wave propagates in a gas,
can be calculated by:
c =
√
B
ρgas
(2.1)
where B is the bulk modulus and ρgas the density of the gas (air). Such a sound
wave propagation with density changes in the medium occurs fast, such that no
temperature adjustment can be reached between the areas of different densities.
This compression process without heat transfer is called an isentropic compression.
The bulk modulus of an ideal gas can be described by B = γ · p, where pis the
pressure and γthe isentropic expansion factor which is 1.402 for air (Rienstra and
5
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Hirschberg, 2013). Air behaves as an ideal gas at atmospheric pressure (ideal gas
equation: p ·M = ρgas ·R · T ). Therefore the ideal gas equation can be inserted in
equation 2.1 and yields:
c =
√
γ · R · T
M
(2.2)
where M is the molar mass of the gas, R the universal gas constant (R = 8.314
J/K*mol) and T is the absolute temperature. Hence the temperature is the only
factor that affects the speed of sound in an ideal gas of given composition. In air
where the content of water and carbon dioxide molecules is variable, the speed of
sound can slightly change. As water molecules have a lower mass than nitrogen or
oxygen molecules, the speed of sound would rise with higher humidity. In contrast
the speed of sound would lower with higher carbon dioxide content. The frequency
of a sound wave has generally no impact on the sound propagation. Only ultrasonic
frequencies above 28 kHz influence the speed of sound in air (Dean, 1982).
The velocity of particles, vp, describes the displacement velocity of fluid particles
and is given by:
vp = ξ · ω (2.3)
where ξ is the amplitude of the fluid particle displacement and ω the circular fre-
quency which is defined as ω = 2 · pi · f with frequency f .
Sound waves are furthermore characterized by the amplitude of pressure changes,
which can be described by the maximum pressure amplitude, pmax, or the root-
mean-square (rms) pressure, prms.
prms =
pmax√
2
(2.4)
The sound pressure pmax can be calculated by:
pmax = vp · c · ρgas = ξ · 2 · pi · f · c · ρgas (2.5)
6
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Frequencies below 16 Hz are called infrasonic frequencies. Frequencies between 20
kHz and 1 GHz are classified as ultrasonic and above 1 GHz supersonic. Sounds
with frequencies from 16 Hz to 18 kHz are detectable by the human ear. In view of
the large range of hearable frequencies a logarithmic scale for the sound pressure is
necessary. The sound pressure level SPL is given by:
SPL = 20 · log
(
prms
pref
)
(2.6)
with pref in air which is the lower limit for human hearing. The SPL is expressed
in decibel (dB).
2.1.2 Levitation forces of a standing acoustic wave
Acoustic levitators operate at ultrasonic frequencies between 15 and 100 kHz com-
monly generated by a piezo-electric crystal and resulting in wavelengths between
0.34 and 2.2 cm (Welter and Neidhart, 1997). By applying alternating current to
a crystal it starts to oscillate. A transducer propagates the oscillation to the gas
phase. The resulting acoustic wave can be reflected by positioning a reflector facing
the transducer. If the distance between the transducer and the reflector is a multi-
ple of the half of the wavelength, a standing acoustic wave with fixed nodes will be
generated (Bücks and Müller, 1933).
l = n · λ2 with n = 1, 2, 3, ... (2.7)
The distance z between the wave nodes and the reflector can be described by the
following equation:
z = l − c
ω
(
pi
2 + pi · n
)
with n = 0, 1, 2, 3, .. (2.8)
Figure 2.1 shows a schematic set-up of the levitator with a particle levitated in a
sound pressure node of the acoustic wave. The particle velocity curve is axially
7
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Figure 2.1: Outline of a droplet levitated
by a standing acoustic wave between a
transducer and a reflector
shifted by λ4 to the sound pressure curve
so that the maximum particle veloc-
ity, vmax is reached at points where the
sound pressure is zero. Each point of the
waves can be calculated by the following
equations:
v = vmax · sin (k · z) (2.9)
p = pmax · cos (k · z) (2.10)
with k = 2pi
λ
as the wave number. This
static density distribution consists of
different energy densities which result
from the Bernoulli negative pressure and
the acoustic radiation pressure (Tucker-
mann et al., 2001). The former yields
the kinetic energy, Ekin, and the latter
yields the potential energy, Epot:
E = Ekin + Epot =
ρgas
2 · v
2
max · sin2(k · z) +
p2max
2ρgas · c2gas
· cos2(k · z) (2.11)
By integrating the second part of the Equation 2.11, which is the axial gradient of
the pressure density, the axial levitation force Fax will result. This force can be
calculated by Equation 2.12 and has to be high enough to compensate the weight,
Fw · g with g = 9.81 m/sec2, of the levitated particle as shown in Figure 2.2:
Fax =
5
8 · k · ρgas · v
2
max · V · f(x) · sin(2k ·∆z) (2.12)
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with V the volume of the sample, f(x) a geometric factor with x = k · ds and ds as
the diameter of a sphere:
f(x) = 3
x2
[
sin(x)
x
− cos(x)
]
(2.13)
Another force, smaller than Fax but not less important, is the radial force Frad.
This force is necessary for the positioning of the sample in the sound field axis
and hinders the sample to laterally move out of the pressure node. Lierke (1996)
calculated the value of the axial force and stated that Fax is five-fold larger than the
radial force. This ratio justifies the ellipsoid shape liquid droplets adopt when put
into the sound pressure node. As shown in Figure 2.2 not only the axial and radial
force generated by the levitator affect the deformation of the droplet. Furthermore
the surface tension and the gravity have an impact on the shape of the droplet.
The quotient of the hydrostatic pressure, ph, and the capillary pressure, pσ, of the
droplet result in the Bond number Bo.
Figure 2.2: Schematic representation of different forces which influence the
shape of a levitated droplet
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This number is suitable for comparison of systems which differ in parameters like
density, ρ, radius, r, and surface tension, σ, and characterizes static systems.
Bo = ph
pσ
= ρ · g · r
2
σ
(2.14)
At small Bond numbers, when the surface tension is high and the droplet small, the
shape of the droplet is almost spherical. At higher Bond numbers Bo ≥ 1.5 the
droplet shape gets more elliptical. Water has a high surface tension in comparison
to organic solvents so that large droplets of water can be levitated while organic
solvent droplets with the same size would disrupt in the sound field. This behaviour
of deformation and disruption of droplets was extensively studied by Trinh and Hsu
(1986) and later by Lierke (1996).
2.1.3 Influence of the droplet on the acoustic field
To eject a droplet from a syringe needle into a sound pressure node, an initially
high SPL is necessary to overcome the interface tension between the needle and the
droplet. Once the droplet is held in the sound field, the SPL can be lowered to a
value where a stable levitation is possible and the droplet has a slightly elliptical
shape as described in Section 2.1.2. Due to gravity, the droplet is stationed below
the pressure node. With proceeding evaporation the centre of the drop moves closer
to the pressure node, the volume of the droplet decreases, and the shape assumes
more and more a sphere. Prior experiments showed that the SPL increases during
the drying process. This can be explained by a resonance shift caused by scattering
from the droplet surface which is associated with the shape and the volume of the
levitated particle (Trinh and Hsu, 1986; Yarin et al., 1999). With the proceeding
shrinkage of the droplet the scattering decreases and the SPL converges closer to
the original value (Kastner et al., 2001).
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2.1.4 Influences of the acoustic field
Acoustic streaming
Yarin et al. (1999) showed that the natural evaporation process of a droplet is
influenced by the acoustic sound field. The reason for this is that in a sound field
radial attenuation and scattering of acoustic waves at the levitated sample and at
the reflector occurs. Therefore an acoustic convection is induced (Tuckermann et al.,
2001). This resulting fluid flow is called acoustic streaming and was first recognized
by Rayleigh (1883) who observed the air circulation in a Kundt´s tube. Rednikov
et al. (2006) divided the flow field in three different sections: the streaming inside
the droplet, the Stokes shear-wave layer, which is a thin boundary layer close to the
droplet surface, and the outer acoustic streaming.
Vortex flow inside the droplet Yan et al. (2011) and Saha et al. (2011) investi-
gated the influence of an acoustic field on liquid droplets. They found streaming
inside the droplet which Yan et al. (2011) describes as a kind of vortex flow that
rotates in the meridional plane of the drop. The flow velocity at the drop centre
is very low and increases towards the surface. Figure 2.3 a) shows a pattern of the
stream lines inside the levitated droplet.
Inner acoustic streaming The inner acoustic streaming, also referred to as Stokes
layer (Rednikov et al., 2006), is a thin boundary layer of gas flow, located between
the levitated particle and the outer acoustic streaming. The inner streamlines, as
shown in Figure 2.3 b), circulate from the poles to the equator of the droplet as
the inner boundary layer and return back to the poles as the outer boundary of the
inner acoustic streaming (Yarin et al., 1999).
Outer acoustic streaming The thin boundary layer of the inner acoustic streaming
induces the outer acoustic streaming. Lee and Wang (1990) calculated the streaming
11
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Figure 2.3: a) Internal flow pattern of stream lines in an acoustically levitated
water droplet in the meridional plane (Yan et al., 2011). b) Inner acoustic
streaming of a spheroid particle (Zaitone and Tropea, 2011)
pattern in the outer acoustic streaming area and showed that the streamlines are
closed loops as shown in Figure 2.4. As proved by Trinh and Robey (1994) by
visualizing the pattern of the outer acoustic stream lines through tracer particles,
the outer streaming consists of four roughly toroidal vortices. These rotate in the
horizontal direction towards the pressure node, then along the central axis away
from the droplet.
Acoustic streaming affects the drying process of a droplet by modifying the heat and
mass transfer rate around the droplet. Davidson (1973) demonstrated a significant
enhancement of heat transfer from a heated body when acoustic streaming was
present. Yarin et al. (1999) found that the largest heat and mass transfer rates
of an acoustically levitated droplet are located at the equator of the droplet and
the lowest values at its poles. Kawahara et al. (2000) supported this statement
by measuring the distribution of the mass transfer rate over a sphere surface of
an acoustically levitated sphere. Moreover liquid drops affect more the acoustic
streaming than solid spheres. This is because the interaction between the mobile
surface of a droplet and the acoustic wave is more intense than of a solid particle
(Rednikov et al., 2006).
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Thermal eect of the acoustic field
A thermal effect was detected between the transducer and the reflector after switch-
ing on the sound field. Tuckermann (2002) measured the temperature distribution
in the sound field of a 20 kHz-levitator and noticed a rise in temperature up to 2
- 3 °C in the pressure anti-nodes of the sound field where the particle velocity has
its maximum value. Further areas in the sound field, along the sound axis, showed
temperatures 1 - 1.5 °C higher than the ambient temperature, which was 21 °C at a
relative humidity of 43 %. Tuckermann (2002) stated that the SPL has an impact
on the thermal shift and showed that a high SPL of ∼ 175 dB causes a temperature
rise of up to 8 °C in the pressure anti-nodes. Due to oscillation, the transducer also
heats up. Wulsten (2009) stated that the temperature increase amounted 2.6 °C
after 10 minutes of operation of a 58 kHz-levitator, at 20 °C ambient temperature.
Figure 2.4: Outline of the inner and outer acoustic streaming field around
a levitated droplet, with Z as the pressure node of the acoustic wave (Yarin
et al., 1999)
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2.2 Drying process of droplets
2.2.1 Evaporation from a pure solvent droplet
A levitated liquid droplet in air shows no evaporation as long as the mass fraction
of the vapour in the environment corresponds to the vapour pressure of the droplet.
Once the mass fraction of the liquid in air, Y0, is below the saturation level, the
evaporation of the liquid from the surface of the droplet will start. The mechanism of
the evaporation of a free, spherical, motionless droplet of a pure liquid in an infinite,
inert medium was first studied by Maxwell (1890). His definition based on mass
and heat conservation equations is still considered generally suitable. According
to Maxwell the evaporation process follows the d2-law, which means that during
the evaporation the square of the droplet diameter or droplet radius, r2, decreases
linearly with time, which is shown in the following equation :
r(t)2 = r20 − β · t (2.15)
with r0 the initial droplet radius, r(t) the current droplet radius and the evaporation
coefficient β with:
β = 2 · ρds ·D
ρl
· ln(1 +Bs) (2.16)
with ρds the density of the surrounding gas at the droplet surface, D the diffusion
coefficient, ρl the density of the liquid, and Bs the Spalding transfer number, which
can be calculated by:
Bs = Yvap,ds − Yvap,gas1− Yvap,ds (2.17)
with Yvap,ds the mass fraction of the vapour at the surface of the droplet and Yvap,gas
the mass fraction of the vapour in air (Frohn and Roth, 2000).
Figure 2.5 shows two representations of an evaporation process. In a) at the begin-
ning of the evaporation process the droplet temperature corresponds to the ambient
temperature. Due to a lower mass fraction of the liquid in air, evaporation from the
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surface of the droplet begins (presented in Figure 2.5 a as ˙mvap). The phase change
from liquid to gas requires energy that is provided by the latent heat of vaporisation
from the inner energy of the droplet liquid. This vaporisation causes a decrease in
the surface temperature until the value of the wet bulb temperature, Twb, is reached.
The resulting temperature difference between the droplet surface and the inner cen-
tre of the drop leads to an inner heat flux, Q˙l, directed from the inside of the droplet
to the surface. Furthermore a temperature difference between the ambience and the
droplet surface occurs through cooling down of the droplet surface. This leads to
a heat flux, Q˙gas, from the environment to the drop. The evaporation process is
diffusion controlled. The liquid evaporated in the ambiance diffuses away from the
droplet surface while the ambient air has to diffuse in the opposite direction to keep
the pressure constant. This flow is described as the Stefan flow by Sirignano (2010).
In the second case, shown in Figure 2.5 b, the ambient temperature is much higher
Figure 2.5: Schematic description of an evaporating droplet a) at ambient
temperature and b) at higher surrounding temperature. The heat and mass
fluxes are shown as arrows in their streaming direction. Additionally the radial
profiles of the temperature and the vapour mass fraction are shown. Modified
picture from Frohn and Roth (2000).
than the temperature of the droplet and higher than the boiling point of the liq-
uid. Hence the inner heat flux is turned inwards and the droplet is heated up by
the environment. This heat flux can be used for increasing the evaporation rate,
which is obviously higher at higher surrounding temperatures. However the droplet
temperature remains equal to the equivalent wet bulb temperature, Twb, as long as
evaporation is taking place (Frohn and Roth, 2000). A heat flux from the exter-
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nal gas or from the droplet inside can occur by conduction, convection or radiation
(Hegseth et al., 1995). Usually the heat for evaporation is transferred by conduction
and convection to the droplet surface from which vapour is transferred by diffusion
and convection to the gas (Ranz and Marshall, 1952). Two parameters describe the
heat and mass transfer around the droplet. The dimensionless Nusselt number, Nu,
characterizes the heat transfer at the boundary between the droplet and the air. It
is the ratio of convective to conductive heat transfer across the boundary:
Nu = d · hc
kd
(2.18)
with d the droplet diameter, hc the convective heat transfer coefficient, and kd the
thermal conductivity of the droplet. The dimensionless Sherwood number, Sh, rep-
resents the ratio between mass transfer by convection and mass transfer by diffusion:
Sh = d · hD
D
(2.19)
with hD the mass transfer coefficient (Mezhericher et al., 2008).
2.2.2 Evaporation from solutions or dispersions
Droplets consisting of more than one component show a more complex drying be-
haviour. For example, Wulsten (2009) investigated the drying behaviour of different
solvent mixtures and showed that the different boiling points of the liquids have an
impact on the evaporation process. Another interesting field is the drying of liq-
uids which contain dissolved or dispersed ingredients. These liquids show a drying
process consisting of two drying phases which are shown in Figure 2.6.
Drying phases
At the beginning the droplet is brought into the drying environment and is heated
by the drying medium until its surface reaches the wet-bulb temperature of the air.
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The evaporation rate rises to a value specific to the surrounding conditions. This
equilibration phase is represented in Figure 2.6 by the droplet below the letter “A”.
As the phase is very short and the droplet does barely not change its volume, this
step can be ignored.
Figure 2.6: The drying process of a solution / slurry classified in the pre-drying
period of equilibration and the two drying periods.
The first drying phase (droplets “B”+”C” in Figure 2.6) is defined by a constant
evaporation rate and a constant droplet surface temperature. For this phase a rapid
mass loss is characteristic, as the drying rate attains now its highest value of the
whole drying process. In this constant rate phase the solvent concentration is high
enough to cover the surface of the droplet. Therefore the solvent evaporates freely
from the surface and the volume reduction follows the d2-law over the entire phase.
This loss of solvent yields a rising concentration at the surface of the drop. Although
a diffusion process of the solvent towards the surface and the solute/dispersed ingre-
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dient towards the centre of the droplet is taking place, the solute/dispersed ingredi-
ent accumulates at the surface (Charlesworth and Marshall, 1960). Figure 2.6 point
“C” shows a much smaller droplet than at point “B”. Once the concentration of the
solute reaches the saturation level, the substance starts to crystallize at the surface
of the droplet. In a dispersion which contains undissolved particles the particles
start now to accumulate at the surface and to form a solid crust.
At this time point the second phase of the drying process begins and the droplet is
now treated as a wet particle with a constant outer diameter. If rupture, collapse
or other deformations are neglected, the particle volume does not change further.
Nevertheless the solvent still evaporates from within the droplet. The wet particle
consists now of two separated regions (Figure 2.6 “D”): a solid crust, which has a
porous structure, and a wet core, which consists of liquid and solids (Farid, 2003).
The dry crust is assumed to have a small amount of bound water, while the core
has the same water content reached at the end of the constant rate period. Various
transport parameters inside the particle (diffusion of liquid, heat transfer, migra-
tion of liquid surface inside the particle), the local porosity, the shape, the surface
roughness as well as the distribution of solid inside the particle can lead to complex
values of the drying rate during the falling rate period (Kastner et al., 2001). The
thickness of the solid crust continuously increases, while the diameter of the wet core
shrinks until the state of Figure 2.6 letter “E” is reached. This crust growth extends
the distance between the evaporating liquid core and the droplet surface thus the
drying rate is lowered compared to the constant rate period. Furthermore as soon
as a crust is formed at the surface of the droplet, the temperature of the droplet
surface starts to increase. This value will rise until the dry-bulb temperature of the
air is reached. From then on no further liquid will evaporate from the particle and
the drying process can be assumed as finished. This does not mean that the particle
does not contain any solvent any more. A residual moisture content remains that is
in equilibrium with the conditions of the ambience.
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2.2.3 The eect of the acoustic field on the drying process
An acoustic field with its inner and outer streaming around a levitated droplet, as
described in Chapter 2.1.4, induces an acoustic convection flow around the droplet.
This acoustic streaming enhances the heat and mass transfer around the droplet and
yields in increased Sherwood and Nusselt numbers. Yarin et al. (1999) calculated
the thicknesses of the inner acoustic boundary layer, δac, the diffusion boundary
layer δD, and the sphere equivalent radius of an oblate droplet, a, with a volume of
approx. 3 µl and compared the values:
δac  δD  a (2.20)
They showed that on the one hand the inner acoustic boundary layer forms a very
thin layer around the droplet surface which practically coincides with the droplet
surface. On the other hand the comparison showed that the diffusion boundary
layer extends the inner acoustic boundary layer. But they stated that the diffusion
layer does not protrude over the outer acoustic boundary layer. This would result
in an increasing vapour concentration in the external toroidal vortices which rep-
resent almost closed recirculation zones. By blowing a gas stream radially against
the levitated droplet Yarin et al. (1999) demonstrated the intensity of the acoustic
streaming. They analysed that air volumetric flow rates of V˙ = 0−0.5 ln/min show
no impact on the evaporation rate, flow rates between 0.5 − 1.4 ln/min show high
impact and flow rates between 1.4 − 1.6 ln/min do not alter the evaporation rate
more than flow rates between 0.5 − 1.4 ln/min do. That means that a certain air
flow rate is necessary to overcome the acoustic streaming and to change the vapour
concentration in the acoustic vortices around the droplet. Flow rates higher than 1.4
ln/min have no further impact on the evaporation rate as the vapour concentration
in the vortices is already very low. Further increase in the air flow rate above 1.8
ln/min enhances drastically the evaporation rate so that the evaporation becomes
blowing-driven.
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Another important factor in the drying process is the change of the Sherwood num-
ber in the acoustic field. For a diffusion controlled evaporation of a levitated droplet
without an acoustic field, a Sherwood number of 2 is calculated. The Sherwood
number in an acoustic field is not just higher but keeps rising during the drying
process. Due to a decreasing aspect ratio during drying and hence resulting res-
onance conditions in the sound field, the SPL rises (Burdukov and Nakoryakov,
1965). Although Seaver et al. (1989) and Tian and Apfel (1996) stated that the
effect of the acoustic field on droplet evaporation is negligible, this is only valid for
low SPL (≤ 150 dB) and very small droplet volumes ( 2 µl) (Yarin et al., 1999).
Schiffter and Lee (2007) performed drying experiments of water droplets at different
temperatures and determined Sherwood numbers of 2.6, 3.6 and 4.4 at drying air
temperatures of 25 °C, 40 °C and 60 °C.
Another dimensionless number which plays an important role in acoustic levitation
is the Reynolds number, Re. It was established to describe fluid motion to a surface
and can be used to characterize the fluid motion around a drying droplet. For a
drying process in an acoustic levitator the Reynolds number can be calculated as
follows:
Re = 2 · r(t) · vgas · %gas
ηgas
(2.21)
with vgas the drying air flow rate, and ηgas the air dynamic viscosity. Schiffter and
Lee (2007) determined that in still air, at 60 °C drying air temperature the initial
Reynolds number is approximately 60.
2.2.4 The spray-drying process
Spray-drying is used occasionally in the pharmaceutical industry. It can be used to
produce powders for pulmonary formulations, amorphous powders, proteins, micro-
encapsulation and for more applications (Seville et al., 2007; Adhikari et al., 2009;
Maury et al., 2005a; Ré, 1998). Due to a very short drying time and a relatively
low temperature at the droplet surface, it is appropriate to produce solid powders of
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heat sensitive substances (Knorr, 1998). As spray-drying is a continuous process high
amounts of the product can be produced in a relatively short time period (Schutyser
et al., 2012). The whole spray-drying process can be split in three phases (Schiffter,
2012):
1. the atomization of the feed in small droplets
2. the drying of the droplets in a hot air flow
3. the separation of the dried particles from the drying air.
Since the drying process is very short, investigations on the drying kinetics during
drying are difficult to perform in a spray-dryer. For investigations on the drying
kinetics acoustic levitation can be a suitable tool. As it enables the observation of
the drying process of a single droplet, it is possible to analyse the procedure of the
second drying step of the spray-drying process.
A common spray-dryer is shown in Figure 2.7. The set-up starts with a pump which
transports a flowable liquid, e.g. a solution, emulsion or dispersion, to the nozzle
where the feed is atomized into a spray. The energy necessary for this process is
provided by centrifugal, pressure, kinetic or sonic effects, depending on the installed
nozzle. A hot dry air is blown into the drying chamber by a ventilator. Different
set-ups of the drying air direction like co-current, counter-current or mixed flow are
possible (Broadhead et al., 1992; Cal and Sollohub, 2010). In Figure 2.7 a co-current
set-up is shown. As soon as the atomized droplets contact with hot air the liquid
evaporation starts from the droplet surface. The evaporation process is dominated
by a forced convection where the heat energy of the drying gas is transmitted to the
droplets (Zaitone and Lamprecht, 2013). The drying process of the droplets can be
divided in two phases which are already described in Section 2.2.2. The last phase of
the spray-drying process begins when the dried particles have to be separated from
the drying gas. This may happen in the drying chamber where the large and heavy
particles are deposited in a collecting container connected to the end of the drying
chamber (not shown in Fig. 2.7). The lighter and smaller particles are carried by the
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gas stream into a cyclone. Here a separation of the particles from the gas takes place.
The gas flows helically downwards and as the cone of the cyclone narrows towards
the bottom the gas stream is moving faster. Centrifugal forces provide a deposition
of the particles to the walls of the cyclone and thereby a separation of the particles
from the drying gas occurs. The separated particles fall down into the collecting
container and the gas streams upwards through an exhaust tube (Masters, 1990).
A filter for the outlet air is connected to the cyclone to separate the fines from the
gas. These very small particles are carried with the gas stream as they were too fine
to be deposited in the cyclone. Different parameters of the drying process can be
controlled and regulated during the drying. For example the gas flow velocity, the
Figure 2.7: Setting of a conventional co-current spray-dryer.
liquid feed velocity or the temperature of the drying gas. The inlet temperature is
measured at the beginning of the chamber and the outlet temperature is measured at
the end of the drying process. The outlet temperature value is lower than the value
of the inlet temperature as energy is withdrawn for the evaporation process. Further
parameters which play an important role in the process are the characteristics of
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the liquid feed.
Depending on the nozzle-type, the viscosity and the concentration of the liquid feed,
different droplet sizes can be generated. This is important as the residence times
of the droplets in the drying chambers can differ greatly for different spray-dryers.
While in a small-scale spray-dryer the residence time of droplets in the drying cham-
ber is short (1-4 sec), for industrial spray-dryers the residence time is given between
20-40 sec (Fu et al., 2011; Filkova et al., 2014). Two fluid nozzles are appropriate to
produce droplets of the size of d = 1− 25 µm. Pressure nozzles or rotary disc atom-
ization can be applied for the larger spray-dryers to produce droplets of the size of
d = 80− 400 µm (Filkova et al., 2014; Fyfe et al., 2011). Compared to acoustic lev-
itation where droplets of d = 1, 000− 2, 100 µm are representative, one can see that
the droplet size in the acoustic levitator is larger than in spray-dryers. Another in-
fluential aspect in comparison of these processes is the drying air turbulence. While
for a levitated droplet at 60 °C in still air Reynolds numbers of approximately 60 can
be determined, a droplet in a spray-dryer experiences immediately after leaving the
nozzle Reynolds numbers >100. Later, during the drying process Reynolds numbers
of the magnitude of ≤ 100 prevail (Masters, 1990; Schiffter and Lee, 2007). Hence
the most time of the drying process Reynolds numbers of levitated and spray-dried
droplets are comparable.
2.2.5 Particle formation during drying
The size and the morphology of particles in powders plays an important role in
the subsequent processing of powders. Both parameters have an impact on the
powder flow characteristics, the wetability and dispersibility of the material (Chew
and Chan, 2001, 2002). Therefore it is important to know how to influence the
particle size and the morphology during the drying process. These properties can be
influenced by a complex system of different gradients: temperature, surface tension,
and solute concentration (Sadek et al., 2015).
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Particles size
There are different mechanisms observed which allow the control of the particle
size of the dried powders. For example, the particle size increases substantially
with higher concentration of the feed solutions. This effect can be used for low
feed concentrations between 1 - 5% (m/m). With higher concentrations, which
are used commonly in spray-drying processes, the particle size changes only little
(Elversson and Millqvist-Fureby, 2005). An essential impact on the size of the
particles has the type of the atomizer. Different types of atomizers can be used
for spray-drying: ultrasonic, two-fluid, pressure and rotary are the most prevalent.
A review of different nozzles, their application and impact on the particle size is
given by Walzel (2011). Droplet formation is a function of the nozzle form, the
energy applied to the system and the liquid flow rate. To generate droplets from the
liquid feed, aerodynamic disruptive forces caused by liquid feed and atomization gas
flow rates have to be high enough to overcome the consolidating forces, which are
composed of the surface tension and the viscosity of the liquid feed (Vicente et al.,
2013).
Particle morphology
During the drying process of a droplet different transport mechanisms occur at the
surface and inside the drop which impact the formation of a particle.
For example at the air-liquid interface, changes in temperature and solute concentra-
tion generate a gradient of surface tension and cause a Maragoni instability. These
convective rotations occur inside the droplet and move solutes from the surface to
the centre (Ha and Lai, 2002). Sefiane (2014) investigated whether the Maragoni
flow can be used to obtain homogeneous particles.
Gravitational forces may play a role in the drying of larger droplets e. g. in the
levitator. Gravity can deform the droplet if its radius is larger than the capillary
length, lc, and the levitated fluid is a dispersion of solutes which might aggregate
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during evaporation (Hampton et al., 2012):
lc =
√
σ
g · ρl (2.22)
Brownian motion, driven by a temperature effect may cause a rearrangement of the
dissolved particles. However it is a very weak process and therefore often neglected
in the evaporation system.
Due to evaporation of water from the surface a concentration gradient occurs in the
droplet and leads to a diffusional flux of solutes from the surface towards the centre.
This diffusional flux may be set in relation to the convective evaporation. The ratio
of these parameters can be described as a dimensionless Peclet number, Pe, that
characterizes the relative importance of diffusion and convection:
Pe = r
2
τD ·D (2.23)
with τD the drying time of a droplet and r
2
D
the time required for the solute to diffuse
from the surface to the centre of the droplet (Vicente et al., 2013). The diffusion
coefficient of the solute, D, can be calculated using the Stokes-Einstein-Equation:
D = kB · T6pi · η · rH (2.24)
with kB the Boltzmann constant (kB = 1.38 · 10−23J/K), T the temperature, η the
dynamic viscosity of the solvent and rH the hydrodynamic radius of the solute
(Tsapis et al., 2002). Different morphologies of the particles can be achieved by
varying the drying conditions, the concentrations of the liquid or the solutes. Figure
2.8 shows some typical morphologies which can result from a droplet. Three possible
ways may be taken for particle formation. On the left hand of Figure 2.8 the drying
droplet yields in a dense and homogeneous particle. In the middle of the Figure
a stable shell is formed. Depending on the properties of the solute the shell may
remain spherical. If the substance shows a certain elasticity the particle may buckle
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or deform. Particles of very brittle materials may fall in pieces. On the right hand
the droplet develops a skin which is more flexible than a shell and may also yield a
spherical particle, buckle or wrinkle. Independent of the final particle morphology
all particle formations start with an increasing solute concentration at the surface.
Three hypotheses are available to explain the concentration gradients in the droplets
(Wang and Langrish, 2009):
– The first hypothesis says that at the beginning of a drying process water evap-
orates homogeneously from the surface and is transported from the interior to
the surface until the critical point is reached. From then on the surface is not
saturated with water and a solid phase appears at the surface and thickens
with time (Charlesworth and Marshall, 1960).
– The second hypothesis proposes that a water gradient occurs through evapo-
ration from the surface and therefore a solute gradient occurs in the opposite
direction. A separation of the components results from different transport
velocities and different diffusion coefficients of the substances. Therefore it
can be assumed that high molecular weight substances, such as polymers and
proteins, would cover the surface while smaller molecules would concentrate
inside the particle (Meerdink and van´t Riet, 1995).
– The last hypothesis says that the more surface-active components accumulate
at the air-liquid interface and cover the surface of the dried particles (Fäldt
and Bergenstahl, 1994).
These three hypotheses show that many factors play a role in the film formation at
droplet surfaces during drying. But not only the molecular size or surface activity
of the solutes impact the shell formation, also the drying temperature and therefore
the evaporation rate. These factors expressed as the Peclet number have different
effects on the particle formation.
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Small Peclet numbers
For Pe ≤ 1, the diffusion of the solute is faster than the shrinkage rate of the sur-
face. A small Pe number can be achieved at low drying rates and relatively high
diffusion coefficients. This case coupled with high solubility of the solute results in a
small initial saturation and therefore late precipitation of the solute. This is shown
in Figure 2.8 droplet “B”. The dried particles appear relatively dense and homoge-
neous (Fig. 2.8 ”C”). One typical substance group which shows this morphology is
saccharide (Mosén et al., 2004).
Large Peclet numbers
High Pe numbers indicate fast shrinking of the droplets and a comparably small
diffusion rate. A concentration gradient can be established from the droplet centre
to the surface. A shell would be formed at the surface (Fig. 2.8 ”E”) because of an
increase in viscosity due to the accumulation of the solute (Fig. 2.8 “D”/”I”). Solutes
with fast crystallization kinetics may separate into a crystalline phase. Dispersed
particles can form a composite shell. The solidification process is always initiated
at the surface. If the shell is not stable enough the particles may buckle, typically
the upper part falls inwards because of the gravity (Fig. 2.8 “G”). Generally one
can say: the higher the Peclet number the earlier the shell formation will set in
(Vehring, 2008; Vicente et al., 2013). Thus, with increasing Peclet number the
density of the particles decreases. Some particles with low density are very brittle
so that they might break at the end of the drying process (Fig. 2.8 ”H”). Maa
et al. (1997) investigated the morphology of spray-dried proteins and found that
different proteins spray-dried at similar conditions from pure aqueous solutions may
show totally different morphologies. They found out that although the surface
tensions of the solutions were similar, the morphologies of the particles differed from
smooth spherical particles to raisin-like wrinkled particles. From these experiments
they concluded that crust properties of the different protein solutions have a strong
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Figure 2.8: Graphical representation of the formation of particles and their
final morphologies
impact on the final shape of the particles.
Changing Peclet numbers
The Peclet number may also change during the drying process of a droplet. In most
drying processes it can be assumed that the Peclet number is not constant during the
drying process. For the cases described above it was assumed that the evaporation
rate and the diffusion coefficient are not changing during the drying process. Yet
the diffusion coefficient changes with concentration and composition of the solvent.
Either the evaporation rate is decreasing after the critical point of the drying process
is reached, or a shell or skin is formed. Consequently although at the beginning of a
drying process the Peclet number might be small and it may seem that the process
will yield dense spherical particles, the conditions can change during drying. The
Peclet number can rise so that a shell would be formed which may deform in various
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ways and deliver hollow or wrinkled particles. Typical excipients in this class are
low solubility amino acids or small peptides that show the tendency to crystallize or
form liquid crystals (Vehring, 2008). For example trileucine is a peptide consisting
of three leucine amino acids which show low solubility. Drying from a solution a
hollow particle is formed despite a drying process at a low Peclet number. Vehring
et al. (2007) supposed that the surface activity of trileucine might be the reason for
the surface accumulation. Maa et al. (1997) showed surfactants have an impact on
particle formation. They found out that a 0.5 % concentration of a surfactant added
to a protein solution, which alone formed wrinkled particles, changed the shape to
spherical particles. So it can be assumed that surface active molecules accumulate
at the surface and form a crust which affects the shell formation during drying. This
fact supports the hypothesis of Fäldt and Bergenstahl (1994).
Drying of droplets of colloidal suspensions
Further frequently found morphologies occur by forming a flexible skin during dry-
ing. This skin differs from a shell in their elasticity. Skin forming substances such
as polymers build a thin layer at the surface which is viscous and therefore flexible
during the further drying process (Dobry et al., 2009). These skin forming droplets
may result in spherical hollow particles, buckling or wrinkled particles as shown in
Fig. 2.8 ”K”, “L” and ”M”. While the first phase of the drying process is similar
to the evaporation of pure water, later the colloidal polymer particles move closer
together until they merge to a thin film (Vanderhoff et al., 1973; Okuzono et al.,
2006). Dobry et al. (2009) showed that drying film-forming polymers at drying
temperatures near or above the boiling point of the solvent yields spherical hollow
particles while a slow drying process results in wrinkled particles. During the dry-
ing process a viscoelastic shell of densely packed polymer particles is formed at the
surface (Erkselius et al., 2008). In a process with high evaporation rates the shell
thickens fast and barely no deformation occurs. If the drying process is decelerated
the particle has enough time to shrivel. Capillary forces are responsible for this shell
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deformation. These capillary forces result from tiny menisci in the small gaps in the
shell where water is evaporating. A tension is created by an interfacial curvature
which pulls the water towards the surface and moves the small particles inward.
These forces have to overcome the electrostatic forces which stabilize the spherical
particle. As soon as the polymer experiences a sol-gel transition and becomes elastic
the particle starts to buckle (Tsapis et al., 2005). Tsapis et al. (2005) also found
that a critical relative thickness of the shell has to be reached to set in crumpling.
In general particle deformations are generic and seem not to depend on the initial
droplet size (Boulogne et al., 2013).
Further morphologies exist which can be achieved by spray-drying. These morpholo-
gies and their production are represented and explained in the article of Nandiyanto
and Okuyama (2011).
2.3 Proteins
2.3.1 Protein characteristics
The basic structure of proteins consists of amino acids. There are 20 different
proteinogenic amino acids used in human proteins. An amino acid consists of four
groups all connected to a central carbon atom: an amide group, a carboxyl group, a
hydrogen atom and a specific residual which characterizes the different amino acids.
Typically the amino acids used in natural proteins are all L-configured, only the
smallest amino acid, glycine has no configuration as it possesses a further hydrogen
atom as a side chain. These side chains influence the hydrophobicity of proteins by
means of their polarity. The complex three-dimensional structure of proteins can be
illustrated in four structural levels (Branden and Tooze, 1999).
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Primary structure
The primary structure is specified by the sequence of the amino acids. These are
connected with each other by a peptide bond, which is formed by a condensation of
the α-carbonyl group of one amino acid with the α-amino group of another amino
acid. Such a dipeptide has the size of a small drug molecule and shows no fur-
ther complex structure. Many amino acids connected by peptide bonds can build
up larger molecules. Chains consisting of 10 to 30 amino acids are termed oligo-
peptides. Molecules containing up to 100 amino acids are called polypeptides, even
larger molecules are called proteins.
Secondary structure
The secondary structure describes the local spatial structure of a protein which
originates from the hydrogen bonds built up between the carbonyl- and amino-
groups of the amino acids. Common structures are the α-helix, β-sheet, turn, or
a) b)
Figure 2.9: Secondary structures of proteins : a) α-helix b) β-sheet antiparallel
and parallel. Modified picture from Thieme (2017)
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random coil. While α-helices and β-sheets show organized structures, random coil
is an unorganized region. It is often found at the surface of a protein and is used to
connect other structural elements. β-sheets can be assembled either parallel, when
two adjacent strands run in the same direction from amino terminal to carboxy
terminal, or antiparallel, when they have alternating directions (Kabsch and Sander,
1983). Both possibilities and the α-helix structures are shown in Figure 2.9.
Tertiary structure
The tertiary structure shows the three-dimensional orientation of the different sec-
ondary structures of the molecule. It is stabilized by two classes of non-covalent
interactions. These are the electrostatic and the hydrophobic interactions (Tanford,
1978; Dill, 1990). Electrostatic interactions include different bonds between the
molecular side chains:
– hydrogen bonds between the side chains of the amino acids
– covalent disulphide bonds, typically between two cysteine side chains
– ionic pairs
– weakly polar interactions between the side chains
– and van-der-Waals forces
Hydrophobic interactions mean interactions between water and the non-polar residues
of the amino acids. With the intent of minimal hydration of these amino acid side
chains, these are turned towards the interior of the protein. This phenomenon is also
known as the “nonpolar-in, polar-out” rule (Möbius and Miller, 1998). These fac-
tors yield a specific folding of the molecule and a stable protein conformation. The
essential driving force in protein folding is to achieve the thermodynamically lowest
energetic conformation (Dobson, 2003). This issue will be discussed in Section 2.3.2.
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aternary structure
Not all proteins show a quaternary structure. Some are functional as peptides, which
only show a secondary structure. Many proteins show a tertiary structure and some
need to be composed of several molecules, whether of multiple identical molecules
or of different molecules. An example for a protein with a quaternary structure is
catalase. This enzyme consists of four equal subunits each with 60 kDa molar mass
(Sigma-Aldrich, 2017a).
The characteristic conformation described by the four structures determines the
functionality of the proteins in an organism. Some examples of protein functions
are assembled in Table 2.1.
Enzymes
Enzymes are responsible for the catalysis of metabolic reactions. They lower the
activation energy required for a chemical reaction and thus increase the metabolic
rate. First time the specificity of enzymes was mentioned by Emil Fischer in 1894
(Fischer, 1909), when he introduced the lock-and-key-model. This model describes
an enzyme as a lock and substrates that bind to the active side of the enzyme are
the fitting key. Koshland (1958) augmented Fischers´ hypothesis with his “induced-
fit theory” by stating that the active sites of the enzymes are flexible and fit to
the substrate like a glove to a hand. The enzyme activity can be described by the
classic Michaelis-Menten kinetic, which describes the enzyme activity regulated by
substrate concentration. An equation characterizes the rate of enzymatic reactions,
by relating the reaction rate, vr ,to the substrate concentration [S]:
vr =
vr,max · [S]
Km + [S]
(2.25)
with vr,max the maximum reaction rate, which is reached at saturated substrate
concentrations and Km, the Michaelis-Menten constant, which is the value of the
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substrate concentration, when the reaction rate reaches the half maximum value,
1
2vr,max. It is shown that the enzymatic reaction rate is rising with increasing sub-
strate concentration until the saturation of the enzymes is reached. From this time
point on the reaction rate is constant.
Group Function Example
Enzymes catalysis of metabolic reactions lysozyme,
galactosidase, pepsin
Carrier proteins transportation of substances
through membranes or in liquids
haemoglobin,
transferrin
Immune proteins defence from infections antibodies
Proteins responsible
for movement
transformation of chemical
energy into mechanical energy
actin, myosin
Regulating proteins regulation of metabolic
procedures
hormones
Receptor proteins reception and transmission of
impulses
g-proteins
Structural protein stiffness and rigidity in biological
components
keratin, collagen,
elastin
Table 2.1: Protein functions
2.3.2 Protein instabilities
The structure of proteins determines their functionality. Already small changes
in one of the four structural levels can lead to a loss of function of the protein.
Therefore exact folding of the amino acid chains and building of correct molecular
bonds is fundamental. In living cells chaperones, special proteins, assist the new
synthesized proteins during folding (Hartl, 1996; Ellgard and Helenius, 2003). When
a thermodynamically stable conformation is achieved, typically when the non-polar
side chains are packed tightly in the interior of the protein and the polar side chains
34
2.3 Proteins
are located on the protein surface, the protein will remain in this conformation
unless external influences force it to change the shape (Dill, 1990). These might be
substances which bind to the protein, denaturing agents which impact the cohesive
forces, or further influences which change the thermodynamic state of the protein
and lead to unfolding. Generally, these destabilizing mechanisms can be classified
into chemical and physical instabilities.
Chemical instabilities
Frequently occurring chemical reactions in regard to protein inactivation are oxida-
tion, deamidation, hydrolysis, Maillard reaction, β-elimination, and racemisation.
Not all reactions will be discussed in detail in this work, so that only the most com-
mon are described below. More detailed informations can be found in the works of
Manning et al. (2010); McNally (2000) or Reid (2000).
Deamidation The side chain amides of the amino acids asparagine and glutamine
can be affected by the deamidation reaction. The most common reaction mechanism
occurs by the formation of a cyclic imide but alternative reactions are also possible
(Catak et al., 2009). A detailed description of the different reaction paths in this
work would go beyond the scope. These information can be found in Reid (2000).
Deamidation of amino acids destabilizes the conformational structure and makes
thermal or chemical denaturation more likely. It was shown that the pH value of the
protein solutions has an impact on the deamidation mechanism and the reaction rate.
The reaction rate was shown to rise proportional to the hydroxide concentration at
pH-values between 5 and 8, while at pH values between 3 and 5 the highest stability
was achieved (Wakankar and Borchardt, 2006). Also the temperature was shown
to have an influence on the reaction, especially in presence of water (Oliyai et al.,
1994). Furthermore ionic strength and different buffers impact the reaction rate
(Manning et al., 2010).
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Oxidation Oxidation reactions in a protein are leading problems which can occur
during each manufacturing step from protein isolation to storage. The reason is the
variety of initiation possibilities for oxidative reactions. Photochemical as well as
metal-ion catalysis, high energy γ-radiation, organic additives and even sonication
can cause oxidative reactions in a protein (McNally, 2000; Hovorka et al., 2001;
Kerwin and Remmele, 2007). The intensity of the influence of oxidation on the
protein functionality depends strongly on the oxidation system. Davies et al. (1987)
showed that alterations in amino acids due to oxidative stress can yield structural
modifications of the protein. Also some excipients used for pharmaceutical formu-
lation can lead to oxidative changes in proteins. Some examples are polyethers like
polyethylene glycol (PEG) or the surfactant polysorbate 80. PEG is known to pro-
duce peroxides upon ageing and polysorbate 80 may release formaldehyde which is
a potent protein cross-linking agent (Kumar and Kalonia, 2006; Ha et al., 2002).
Physical instabilities
Physical instability means that a change of physical state, thus a change in the
tertiary or higher structure, occurs without changes in chemical composition of the
protein. While chemical instability results in an irreversible change in the primary
structure and therefore in an irreversible unfolding of the protein, physical instability
can be reversible. As shown in Figure 2.10 the native protein state can change to a
partially unfolded protein. In this state the protein is not active but a refolding of
the protein to its native structure is still possible (Wang, 2005). The molten globule
state is a kinetic intermediate in protein folding. It shows secondary structural
units with the unpolar side chains in an arrangement satisfying the criterion of
maximal separation from water and therefore soluble in water (Reid, 2000). Whereas
the unfolded state is insoluble and favours therefore denaturation (Wang, 1999).
Through unfolding of the protein the hydrophobic side chains will come to the
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Figure 2.10: Schematic outline of different stability states of a protein.
surface. Due to their aversion to water the denatured proteins can aggregate to large
complexes, precipitate or adsorb at surfaces. These denatured states are irreversible.
Typically the majority of the protein molecules is in a native state. Only a small
fraction occupies the higher free energy state of the molten globule. Figure 2.11
shows the energy levels a protein posses in different states. It illustrates that to
reach the molten globule state from the folded state a certain amount of free Gibbs´
energy, G, needs to be raised. The larger the free energy difference, ∆G, between the
states of the folded and the unfolded molecule, the more stable the tertiary structure.
Typical ∆G values for protein unfolding are between 21−63 kJ/mol. These low values
indicate that the conformational stability of a protein in an aqueous solution is
equivalent to a few hydrogen bonds or ion pairs. Furthermore the striving for an
increased conformational entropy, ∆S, destabilizes the protein (Dill, 1990). Ambient
conditions like temperature or pressure impact the stability of proteins, but also the
pH of the solutions, the concentration of protein solutions or of further excipients,
different denaturing agents like guanidinium hydrochloride or mechanical disruption
may influence the stability of proteins. Generally one can say that proteins are more
stable in solid state than in solution as their mobility and thus reactivity is lowered
in solid state. Therefore drying methods are an important tool to stabilize protein
products. Nevertheless during these drying processes destabilizing and unfolding
mechanisms may occur.
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Figure 2.11: Different folding states of the proteins and their energy levels.
Modified picture from Branden and Tooze (1999)
Inactivation during spray-drying
Feed atomization Feed atomization is the first step in the spray-drying process
to have a significant impact on the protein stability. In this step the liquid feed is
exposed to very high shear forces which provide a disruption of the liquid feed into
small droplets. This strong extension of the air-liquid interface is problematic as
proteins are surface active and tend to unfold at the surface (Mumenthaler et al.,
1994). Maa and Hsu (1997) showed that surfactants can minimize the protein accu-
mulation at the surface and therefore minimize the aggregation of proteins during
atomization. They also stated that the extension of the air-liquid interface has a
stronger effect on protein aggregation than the shear stress. Furthermore Niven
et al. (1995) reported on heating in ultrasonic nozzles and Zeles-Hahn et al. (2008)
stated that cavitation occurring during atomization can cause strong inactivation of
proteins.
Drying During drying much thermal energy is brought to the molecules. This en-
ergy is necessary to get a dry product with a low residual moisture content to achieve
a high storage stability of the product. Even though the drying process is very short,
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the drying temperatures can be high enough to damage the proteins. While in the
first drying phase the droplets´ surface is cooled by the evaporation process, in the
falling rate period, when a crust is formed and the surface temperature starts to
increase, the outlet-temperature of the drying air starts to play an important role
(Langrish, 2009). Proteins are stable in a temperature range between 10 and 40
°C (Jaenicke, 1991). Temperatures outside this range may destabilize or denature
proteins. From the thermodynamic viewpoint two opposing, temperature depen-
dent forces are responsible for the protein stability: the enthalpic and the entropic
forces (Wang, 1999). While the enthalpy, ∆H, an intramolecular force stabilizes the
molecules, the entropic forces are responsible for the destabilization (Kristjánsson
and Kinsella, 1991). Temperature induced stability loss is caused by a decrease of
the free energy level of the denatured state (see Fig. 2.11). The energy decrease of
the denatured state originates from the rising temperature:
∆G = ∆H − T ·∆S (2.26)
where T is the absolute temperature. When the temperature is high enough, the
second part of the equation (−T∆S) will become larger than ∆H and thus ∆G
will get negative. That means the denatured state will be energetically favourable
and the protein will unfold. For processes where ∆G > 0, the state of the protein
will remain native. A characteristic value for protein stability is the temperature
at which ∆G = 0. It is called the melting temperature of the protein, Tm. This
value indicates the temperature at which 50 % of the protein molecules are unfolded.
This temperature is usually located between 40 and 80 °C (Wang, 1999). When the
level of hydration decreases, the melting temperature can increase sharply due to
destabilization of the unfolded state (Rupley and Careri, 1991). High temperatures
also lead to an increase in chemical reactions, such as hydrolysis or deamidation
(Kristjánsson and Kinsella, 1991), which facilitates further denaturation.
But it is not only the temperature that leads to protein unfolding and inactivation
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during drying. Another problem is the dehydration of the molecules as water is
withdrawn from the molecules. While dry, proteins show high stability but water
withdrawal can destabilize the proteins. In solution the globular shape of proteins is
stabilized by interactions of the water molecules with the side chains of the protein.
The hydrophilic surface is covered with water molecules which are connected over
hydrogen bonds with the surface (Vogt et al., 1997). During drying the hydrating
shell around the protein disappears with time, the hydrogen bonds disappear and
the hydrophobic residues of the side chains can relocate to the surface. For labile
proteins, dehydration can cause an irreversible denaturation. Therefore the use of
stabilizers such as sucrose, trehalose or arginine can be necessary, as they can replace
the hydrogen bonds between water and protein and thus reduce the inactivation of
proteins during spray-drying (Maury et al., 2005a; Mumenthaler et al., 1994; Wang,
1999).
Collection aer drying Another inactivation problem occurs after the particles
have left the drying chamber. Strong inactivations of dried proteins have been shown
after the drying process. As the dried product is collected in a vessel at the end of
the cyclone, air of the temperature of Tout is streaming through the vessel during
the whole process run. This means that the product is exposed for the duration of
the drying process to this high temperature. Schaefer and Lee (2015) showed that a
high amount of catalase was inactivated during or after the drying process and the
residual activity of the enzyme was decreasing with longer process times.
2.3.3 Principles of inactivation detection
Many different analysing methods for protein inactivation exist (see Tab. 1.1). These
can be used to analyse different parameters of protein denaturation. One purpose
of this work was to establish different analytical methods which are appropriate
to analyse the drying kinetics of proteins during or after the drying process in the
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acoustic levitator. Therefore a brief description of the functionality of the methods
which were used in this work is given below.
Size exclusion chromatography (SEC)
Size exclusion chromatography (SEC) belongs to the group of liquid chromatogra-
phy (LC). It is performed in a column which is filled with a stationary phase. The
stationary phase consists of a porous network of polymeric resins like modified dex-
trans, agarose, polyacrylamide or further (Hong et al., 2012). A mobile phase is
responsible for the transport of the solute particles through the column. The access
to different fractions of the stationary network depends on the size of the molecules.
Small molecules can penetrate deeper into the network and are eluted later than
large molecules (see Fig. 2.12 a) and can therefore be separated by their size. SEC
can be used for different applications like (Carta and Jungbauer, 2010):
– determination of the molecular weight
– group separation
– desalting or buffer exchange
– estimation of molecular association constants
For the size determination of the molecules a calibration of the system is necessary.
This can be performed by injecting standard samples of known size and determining
their elution times (Corbett and Roche, 1984). These elution times, compared to
the elution times of the unknown molecules can be used to determine the size of
the unknown molecules. A problem thereby is that the elution time can change
due to column alterations or the tendency of molecules to interact with the column
matrix. Another problem is that not only theM , but also the rH of the molecules is
crucial for the separation (Carta and Jungbauer, 2010). While the shape of native
proteins is spherical to ellipsoid, denatured proteins can posses the same molar mass
but their form can be fibrous, rod-, or disc-shaped (Carta and Jungbauer, 2010).
This can lead to changes in the elution time (Maire et al., 1987). That means, if
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Figure 2.12: Separation principle by SEC
the intent of the use of the SEC is the size determination of the molecules, further
detection methods can be appropriate for identifying the exact size. One of these
methods is light scattering.
Light scaering
Launching a high-intensity monochromatic laser light on small particles in a macro-
molecular solution will scatter the light beam in different directions. This light
scattering (LS) can be used to determine the size of these small particles (Muschol
and Rosenberger, 1995). The intensity of the scattered light is proportional to the
concentration of the molecules in solution. The main part of the scattered light
will show the same energy or frequency as the incident beam. This effect can be
used for elastic scattering or static light scattering (SLS) measurements. Further-
more dynamic light scattering and inelastic light scattering can be used as analysing
methods.
Static light scaering (SLS) SLS can be used to determine the average molar mass
and the radius of gyration, rg, of a macromolecule in solution. If the illuminated
molecule is much smaller than the wavelength of the light beam (ds < λ20) the particle
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will show an isotropic scattering. Particles with a diameter larger than λ20 will show
an anisotropic scattering. At this point the location of the detector is crucial. The
measurements of the scattering intensity can therefore be measured at one angle
for small particles or at several angles relative to the direction of the incident light,
known as multi-angle light scattering (MALS). For determination of the molar mass
of the measured molecules the instrument needs to be calibrated using a strong,
known scatterer like toluene, where the Rayleigh ratio is known.
Dynamic light scaering (DLS) DLS works similar to static light scattering where
monochromatic light beam is used to generate scattered light from solutes. Due to
Brownian motion of the molecules the solutes generate temporary varying fluctu-
ations in the scattered light. As small particles move faster than larger particles,
they induce faster but short-time intensity variations. These time dependent fluctu-
ations in scattered light can be measured by a fast photon counter (Goldburg, 1999).
From these fluctuations the hydrodynamic radius, rH , and the diffusion coefficient
of molecules, D, can be determined.
Raman spectroscopy Another light scattering phenomenon is the Raman effect,
which occurs during scattering of light from a molecule surface through molecular
vibration. While the largest part of the scattered light has the same wavelength
as the incident light, a small part of the scattered light is shifted in its wavelength
to higher wavelengths (Stokes shift) or to lower wavelengths (anti-Stokes shift).
These shifts are typically represented as Raman intensity against the wave number
(cm−1). Raman spectroscopy can deliver information about the chemical species, the
concentration of the species, strain or temperature impact and about the structural
disorder of molecules. In this work Raman spectroscopy was established to measure
changes in the secondary structure of proteins during drying in the acoustic levitator.
Therefore changes in amide bonds can be used to analyse the secondary structure
modifications. Nine normal modes are allowed for the amide bond of proteins.
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These are called A, B and I-VII in order of decreasing frequency. The amide I bands
which result from the C=O stretch, can be found at the wave numbers of approx.
1650 cm−1 (David, 2012). The position and shape may differ at different secondary
structures. Characteristic wave numbers for different secondary structures are given
in Table 2.2.
Amide III band which originates from the C-N stretch and the N-H bend of the
amides, can deliver complementary structural informations to the amide I band.
These are found at wave numbers of 1300 cm−1(David, 2012). These and further
parameters allow the detection of secondary structure changes which occur during
thermal denaturation.
Conformation Wave number
[cm−1]
Amide I band α-helix 1650-1657
antiparallel β-sheet 1612-1640
1670-1690 (weak)
parallel β-sheet 1626-1640
turn 1655-1675
1680-1696
unordered 1640-1651
Amide III band α-helix 1270-1300
β-sheet 1229-1235
random coil 1243-1253
Table 2.2: Raman wave numbers for characteristic protein secondary structures
(David, 2012)
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3.1 Materials
3.1.1 Proteins
Different proteins were used in this work for the investigations of miscellaneous
denaturation methods. These proteins are summarized in Table 3.1.
Substance Supplier / Product
number
Lot number
L-glutamic dehydrogenase
type I from bovine liver
Sigma-Aldrich /
G2501
051M1420V; 120M1314V;
060M1473V; SLBN9601V
β-galactosidase from
Aspergillus oryzae
Sigma-Aldrich /
G5160
SLBP1722V
β-galactosidase: Tolerase®
100 (A. oryzae)
DSM Food Specialties
B. V./ WE30558
7127027030
Immune globulin G from
human serum
Sigma-Aldrich / I4506 047K7635; SLBK8678V
Albumin from bovine serum Sigma-Aldrich /
A9418
SLBK1501V
Lysozyme from chicken egg
white
Sigma-Aldrich /
L7651; L6876
072K7062; SLBG8654V
Table 3.1: Proteins used in this work
45
Chapter 3 Materials and Methods
L-glutamic dehydrogenase
L-glutamic dehydrogenase (L-GDH) is the only mammalian enzyme which can bind
ammonia to the α-carbon atom of an α-carboxylic acid. It represents the only
path of a de novo amino acid synthesis as it catalyses the reversible reaction of
α-ketoglutarate and ammonia to L-glutamate using either NAD(H) or NADP (H)
as co-enzymes (Strecker, 1953):
2−oxoglutarate + β−NADH + NH3
L−GDH−−−−−⇀↽ − L−glutamate + β−NAD+ (3.1)
Figure 3.1: Quaternary structure of a hexameric bovine L-GDH. From
http://www.rcsb.org/pdb/images/3mvo_bio_r_500.jpg?bioNum=1.
The reaction occurs via a rapid-equilibrium random order mechanism with the prod-
uct release being the rate-limiting step (Engel and Chen, 1975). L-GDH type I from
bovine liver (EC 1.4.1.3) was purchased from Sigma-Aldrich as a stabilized ammo-
nium sulphate suspension with an activity of approx. 83 units/mg protein. The
enzyme is composed of six identical subunits of each 56 kDa and has a total molecu-
lar weight of 336 kDa (Appella and Tomkins, 1966). L-GDH was applied as a model
protein for thermal denaturation investigations and was stored as a suspension at 2
- 8 °C.
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β-galactosidase
β-galactosidase catalyses the hydrolysis of aryl-β-D-galactopyranosides such as lac-
tose to yield galactose and glucose. Based on this reaction β-galactosidase is also
called lactase:
lactose β−galactosidase−−−−−−−−−→ glucose + galactose (3.2)
The enzyme is a monomeric glycoprotein consisting of 1005 amino acids and has a
molecular weight of 110 kDa. The molecule posses 11 glycosylated areas of which are
ten located at the surface of the protein and one inside the molecule (Maksimainen
et al., 2013). The quaternary structure of the protein is shown in Figure 3.2. Yosh-
ioka et al. (1994) reported that the enzyme activity decreases during denaturation
with first order kinetics, while aggregation of the denatured form, analysed with
SEC, showed a reaction order higher than one.
Figure 3.2: Quaternary structure of β-galactosidase
from A. oryzae in complex with galactose. From
http://www.rcsb.org/pdb/ngl/ngl.do?pdbid=4IUG&bionumber=1
For this work lactase from Aspergillus oryzae (EC 3.2.1.23) was purchased from
three suppliers: from Sigma-Aldrich as a lyophilized powder with dextrin as an
extender with an approx. activity of 12.1 units/mg solid; as USP standard from
Sigma-Aldrich with an activity of 83.3 units/mg; and from DSM Food Specialties
B.V. (Delft, Netherlands) supplied as a spray dried powder (Tolerase®) without any
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further excipients and with an activity of 100 units/mg. The enzyme was used as a
further model protein for thermal denaturation investigations. The USP-standard
and the spray-dried lactase were stored at 2 - 8 °C while the lyophilized lactase was
stored at -20 °C.
Immunoglobulin G (IgG)
Immunoglobulins or monoclonal antibodies belong to the specific humoral immunity
and circulate in the blood and extracellular fluids to seek pathogens, bind them, and
initiate their elimination. An IgG antibody has a molecular size of 150 kDa. It is
built up of two identical heavy chains of about 50 kDa which are linked to each
other by disulfide bonds and form a Y-like shape. To each of the heavy chains a
light chain of about 25 kDa is linked by disulfide bonds. Both ends, where the heavy
and light chains end, contain an antigen binding site, where the IgG binds to the
pathogens.
Human IgG was chosen for the thermal denaturation experiments in this work. It
was supplied as a lyophilized product from Sigma-Aldrich and was stored at 2 - 8
°C.
Bovine serum albumin
Half of the proteins contained in mammalian plasma are albumins. Serum albumins
have several functions, like the carrier function for small molecules e.g. cations,
lipids, hormones or active pharmaceutical ingredients. Furthermore they play an
important role in the protein buffer system. Albumin from bovine serum (BSA)
is composed of 584 amino acids and has a molecular mass of 66.5 kDa. As BSA
is a relatively stable molecule, it was used for the calibration of the SEC runs to
normalize the inter-detector delay and for the size and concentration calibrations.
BSA was purchased as a lyophilized powder from Sigma-Aldrich and stored at 2 - 8
°C.
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Lysozyme
Lysozyme is a small protein consisting of 129 amino acids and has a molecular
weight of 14.3 kDa. It is an antimicrobial enzyme as it catalyses the hydrolysis of
1,4-β-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine residues
in peptidoglycan (Jolles, 1969). As this is a major component of the cell wall of
gram positive bacteria, lysozyme causes the lysis and thus the destruction of bac-
teria. Lysozyme from chicken egg white (EC 3.2.1.17) was purchased as lyophilized
powder from Sigma-Aldrich with the approx. activity of 58.000 units/mg solid and
was stored at -20 °C. It was used as a model protein for Raman spectroscopic mea-
surements of protein denaturation.
3.1.2 Polymers
For the investigation of the drying kinetics of aqueous latex dispersion droplets,
two polymers differing in their minimum film formation temperatures (MFT) were
chosen as models. While poly(ethyl acrylate-co-methyl methacrylate)poly-acrylate
aqueous dispersion (Eudragit NE 30D, Fig. 3.3 a) has a very low MFT of approx. 5
°C (Zheng and W., 2003), ethylcellulose aqueous latex dispersion (Aquacoat® ECD,
Fig. 3.2 b) has a relatively high MFT of approx. 81 °C (McGinity, 1989). These
differing film formation onset temperatures enabled the investigation of the drying
kinetics of polymer dispersions with and without coalescence of the latex particles.
Eudragit® NE30D was purchased from Evonik (Essen, Germany). The aqueous
dispersion has a solid content of 30 % (m/m) and contains besides the polymer 1.5
% nonoxynol 100 which serves as a surfactant during the emulsion polymerisation
process. Aquacoat® (FMC BioPolymer, Philadelphia, USA) has also a solid content
of 30 % (m/m), of which 26 % are ethylcellulose, 2.4 % cetylalcohol and 1.3 %
sodium dodecylsulphate.
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a) b)
Figure 3.3: Chemical structures of the polymers used for the investigations in
this work: a) ethyl acrylate methyl methacrylate copolymer b) ethylcellulose.
Substance Supplier / Product number Lot number
Eudragit® NE30D Evonik / - B13091296
Aquacoat® ECD FMC BioPolymer / ECD30 XN14827661
Table 3.2: Polymers used in this work
3.1.3 Excipients and reagents
Further substances used in this work are summarized in Table 3.3.
Water was prepared by double-distillation in an all-glass apparatus and filtered
through a 0.2 µm pore-diameter filter. For SEC experiments (mobile phase and
sample preparation) water was double-distilled and filtered through a 0.1 µm pore-
diameter filter on the day of the experiment. All protein solutions were prepared
directly before use and kept on ice except during the experiments. Dried samples
were stored at -80 °C until they were analysed.
Substance Supplier / Product
number
Lot number
α-ketoglutaric acid Sigma-Aldrich / K1750 1418290 51009282;
BCBH8341V
Ammonium chloride Merck K31014824236
Ammonium sulphate Carl Roth / 9212.3 036038901
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Substance Supplier / Product
number
Lot number
β-nicotineamide adenine
dinucleotide
Sigma-Aldrich / N-8129;
43420
010M7023V;
SLBC9397V;
BCBL0198V
Cetyl alcohol Henkel 667202
Dextrine Carl Roth / 6777.1 41045240
Disodium phosphate dihyrate Sigma-Aldrich / T1502 BCBP183V
Ethanol Rotisolv® Carl Roth / P076.1 783451; 1117821
Ethylene diamine tetraacetic
acid tetrasodium salt hydrate
Sigma-Aldrich / ED2S 081M0168V
Glycine Sigma-Aldrich / G7126 SLBN5537V
Monopotassium phosphate Dr. Paul Lohmann 605214
Monosodium phosphate
dihydrate
Sigma-Aldrich / 71505 BCBR6565V
2-Nitrophenyl-β-D-
galactopyranoside
Sigma-Aldrich / N1127 BCBK3236V;
BCBR0465V
Orthophosphoric acid Carl Roth / 9079.1 494222882
Potassium hydroxide solution 1
M
Sigma-Aldrich / 35113 SZBC2430V
Sodium azide Merck / 6688 226K17991588
Sodium bicarbonate Carl Roth 110221
Sodium carbonate Sigma-Aldrich / 71345 BCBK4017V
Sodium chloride Carl Roth / 9265.1 49790225
Sodium dodecasulphate Merck / 1.12012 L421012926
Sodium hydroxide solution 1M Carl Roth / K021.1 1600213; 1682697
Sodium nitrate Sigma-Aldrich / S5506 MKBS0285V
D-(+)-Trehalose dihydrate Sigma-Aldrich / T9449;
T9531
061M7037V;
SLBD7956V
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Substance Supplier / Product
number
Lot number
Triethanolamine Sigma-Aldrich / T1502 SLBD3905V;
SLBL1382V
Triethylcitrate Sigma-Aldrich / W308307 STBF3191V
Trizma® hydrochloride Sigma-Aldrich / T3253 116K5403
Trizma® Pre-set crystals pH 7.0 Sigma-Aldrich / T7193 128K5422
Table 3.3: Excipients and reagents used in this work
Different filter membranes, filter units and dialysis membranes were used in this
work. These are listed in Table 3.4.
Substance Supplier / Product
number
Lot number
0.1 µm polyether sulphone
filter membrane
Sartorius Stedim
Biotech / 15458-50-N
0915154581552143
0.2 µm polycarbonate filter
membrane
Merck Millipore /
GTTP03700
-
Cellulose acetate syringe filter
units FP 30 / 0.2
Whatman, GE
Healthcare / 10462200
A10142317
Spectra/Por 2 dialysis
membrane
Spectrum Laboratories /
132676
3254013
Centrifugal filter units,
Amicon Ultra-15
Merck Millipore /
UFC903008
R6JA79713;
R6JA914983
Table 3.4: Filter devices used in this work
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3.2 Methods
3.2.1 Acoustic levitation
Acoustic levitator
A single frequency 58 kHz acoustic levitator (tec5 AG, Oberursel, Germany) was
used for the levitation experiments (Wulsten and Lee, 2008). It is built up of a trans-
ducer which contains a piezo-crystal and is positioned above a concave reflector. The
transducer is connected to a power supply unit to energize the piezo-crystal. The
concave reflector can be removed or changed if necessary. A hole in the middle of the
reflector allows a conditioned air stream directed straight to the levitated droplet.
The position of the reflector can be changed in the two-dimensional horizontal di-
rections by two micrometer screws in front and on the right hand of the reflector
holder. The distance between the transducer and the reflector can be adjusted by
a)
b)
Figure 3.4: a) An Eppendorf tube holding device for the removal of liquid
droplets from the acoustic field b) a metallic net holder to remove the solid
particles from the acoustic field
moving the transducer via a further micrometer screw located at the transducer
holder, thus a standing acoustic wave with a wavelength of 5.71 mm can be gener-
ated. The droplets were brought into the nodes of the acoustic field by a Hamilton
7105N 5 µl syringe (Hamilton, Bonaduz, Switzerland). The SPL can be regulated
by changing the high frequency (HF-) power, which can be varied from 0.65 to 5
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Figure 3.5: Top-view outline of the acoustic levitation system
Watt at the power supply unit (relative scale 3.3 - 8.9). A high SPL was adjusted at
the beginning of the experiments to separate the droplet from the syringe needle and
is then lowered to the minimal value necessary to levitate the droplet. An opera-
tional temperature range between 0 and 70 °C was recommended by tec5. Therefore
temperatures between 20 and 60 °C were chosen for the experiments. For sample
removement from the acoustic field two different devices were used depending on the
aggregation state of the droplets/particles. Both devices are shown in Figure 3.4.
Figure 3.5 shows a top-view of the whole acoustic levitator setup with the devices
used for particle size, position and temperature determination.
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Temperature and humidity regulation
To provide a constant temperature and humidity around the levitated droplet the
levitator was encapsulated in an acrylic glass chamber (shown in Figure 3.5). Drying
air of a certain temperature and humidity was blown with an adjustable rate into
the chamber through a small hole on the bottom of the chamber. A controlled evap-
oration mixer device (CEM, Bronkhorst High-Tech B. V., Ak Ruurlo, Netherlands)
was used for the adjustment of the air moisture content, the air temperature, as
well as for the drying air flow rate. The drying air relative humidity, rhda (%), and
the temperature of the drying air, Tda (°C), were measured in the inner chamber by
a Testo 605-H1 dew point hygrometer (Testo AG, Lenzkirch, Germany). To attain
a constant temperature in the inner drying chamber and prevent cooling due to a
lower room temperature outside the chamber, a further acrylic glass chamber was
installed around the inner chamber. This chamber was heated up by a Leister air
heater Type 8D1 300W (Leister, Kaegiswill, Switzerland) shown in Figure 3.5 as
the external heating. Before the drying experiments were performed the system was
heated up and equilibrated for one hour.
Droplet / particle size determination
An optical charged coupled device camera (CCD, Jai AG, Copenhagen, Denmark)
with a Nikon Micro 60mm objective 2.8 diaphragm (Nikon GmbH, Duesseldorf,
Germany) and bellows was used for the diameter and position determination of the
droplets/particles. The images were taken through the acrylic glass chamber wall by
back-illuminating the particles with a Schott KL 1500 cold-light source (Schott AG,
Mainz, Germany). The image data were recorded in a 5 sec interval and were then
processed with the Image Pro Plus Software 4.5.1 (Media Cybernetics, Bethesda,
USA). The correct size measurement of the camera system was verified by measuring
the diameter of a polypropylene sphere (Spherotec, Fulda, Germany) with a given
diameter of 1.85 ± 0.3 mm. During the experiments the horizontal and vertical
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diameters, dh(t) and dv(t), of the samples were measured as well as the position of
the centre mass of the sample. From these measured values the aspect ratio, AR, the
droplet volume, V , the droplet surface area, A, and the radius of a surface-equivalent
sphere, a, were calculated by using the following equations:
AR = dh(t)
dv(t)
(3.3)
V = 43pi · rv · r
2
h (3.4)
A = 2 · pi · r2h + pi ·
r2v√
1− r2v
r2
h
· ln
1 +
√
1− r2v
r2
h
1−
√
1− r2v
r
2
h
 (3.5)
a =
√
A
4pi (3.6)
Droplet / particle surface temperature determination
The surface temperature, Ts, of the levitated droplet / particle was measured by
a VarioScan 3021 ST high resolution infrared camera (Infratec GmbH, Dresden,
Germany). It has a geometrical resolution of 86 400 pixels (360 x 240) and a thermal
resolution of 0.03 K at its maximum rate at 5 Hz. The optical zoom (6x) was
connected to a 3 x 25 µm macro-lens (Infratec). The IR-camera was positioned at
the acrylic glass chamber at 90° to the CCD-camera, as illustrated in Figure 3.5. The
minimal temperature of the two-dimensional droplet surface image was used for the
analysis with the IRBIS professional 2.2 software (Infratec), as due to the sphericity
of the droplet the camera was not able to focus the whole particle surface. The
measurements were performed with the IRBIS control software (Infratec) and the
measuring intervals were set to 5 sec. As the droplet is positioned inside an acrylic
glass chamber, a germanium window (100 mm x 5 mm) was built into the acrylic
glass wall to allow IR-measurements inside the chamber. The transmission of the
germanium window was taken to be 0.95 at all examined temperatures. According
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to results presented by Wulsten (2009) the emissivity of aqueous solutions until the
critical point is approx. 1. After the critical point the emissivity decreases slightly
and depends on the solutes. As the accumulation of the solute at the surface and
thus changing of the emissivity is a continuous process, an exact adaptation of the
emissivity is not possible and would mean an abrupt decrease in temperature of 1
- 2 °C. In this work the emissivity change was neglected and the emissivity of the
particle was maintained at 1 throughout the whole drying process. The surrounding
temperature to which the particle adapts after the critical point was measured by a
dew-point hygrometer in the drying chamber and agreed well with the final surface
temperature of the particle.
3.2.2 Inactivation determination
Size exclusion chromatography with light scaering
A high performance liquid chromatography (HPLC) system with a size exclusion
chromatography (SEC) column was used for the separation of the native proteins
from aggregates and for the detection of the protein size and concentration. The
set-up is shown in Figure 3.6 where arrows show the connections between the de-
vices. The HPLC system from Perkin Elmer (Rodgau, Germany) was composed of
a pump, an auto-sampler with degasser and an UV-detector (Flexar FX UHPLC).
The samples in the autosampler were stored at 8 °C until the injection through a 20
µl sample loop occurred. The system was controlled by Total Chrome Workstation
6.3.2 software (Perkin Elmer). A Superose 6 Increase 10/300 GL SEC column from
GE Healthcare (Buckinghamshire, United Kingdom) was used for the separation of
the protein solutions. The column temperature was controlled by a Torrey Pines
Echotherm CO30 chilling/heating oven (Carlsbad, USA). For all proteins except
L-GDH the temperature of the column was maintained at 25 °C, for L-GDH the
column temperature was set to 12 °C to prevent denaturation during the separation
run. The mobile phase, 0.05 M phosphate buffer pH 6.2 with 0.005 % (m/v) sodium
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Figure 3.6: Outline of the HPLC system with the three detectors
azide (unless otherwise noted), was pumped with a flow rate of 0.5 ml/min through
the system. The detection was carried out using a Flexar FX UV/Vis detector (280
nm), a RI-101 refractive index detector (658 nm, Shodex, Germany), and a minDawn
Treos light scattering detector (Wyatt Technology, Santa Barbara, CA) with three
detecting angles at 41.5 °, 90 ° and 138.5 ° and 658 nm wavelength of the incident
laser. The detection was performed in 0.5 sec time periods for SLS and 1.00 sec for
QELS. The determinations of the molecular weight and the hydrodynamic radius of
the molecules were performed by ASTRA 5.3.4 software (Wyatt Technology) using
the Zimm equation. This is used as the basic light scattering equation to calculate
the mean square radius of gyration of the molecules,
〈
r2g
〉
:
K ∗ C
R(θ) =
1
MW · P (θ) + 2A2C (3.7)
where K∗ is an optical constant equal to [4pi2n2RI(dn/dc)2]/(λ40NA), C is the solute
concentration (g/ml), R(θ) is the excess intensity of scattered light at the angle
θ, MW the weight-average molecular weight, P (θ) is the form factor, telling how
the scattering light varies with angle and depends on the
〈
r2g
〉
, A2 is the second
virial coefficient describing the solvent-solute interaction, λ0 is the wavelength of
the incident light in a vacuum, nRI is the refractive index of the solvent, dnRI/dc
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is the refractive index increment as a function of concentration (for proteins 0.185
ml/g), NA is Avogadro´s number. The software uses the Zimm plot to perform the
regression on the light scattering parameter K∗C
R(θ) versus sin
2( θ2), to calculate the
molecular weight and radius for each chromatographic peak.
Prior to being used for measurements, the detectors had to be calibrated. The mini
Dawn detector was calibrated using toluene. The RI-detector was calibrated with
ten different concentrated sodium chloride solutions. Both methods are described in
detail in Wyatt (2008). Furthermore the inter-detector delay and band broadening
of the different detector signals were corrected and a normalization of the peaks was
done by using a BSA sample. Therefore BSA was dissolved in 0.05M phosphate
buffer pH 6.2 to a concentration of 10 mg/ml and filtrated through a 0.2 µm pore-
diameter cellulose acetate syringe filter unit (Table 3.4). Figure 3.7 shows a BSA
run where the molecules are separated in a monomer, a dimer and a trimer peak.
In this Figure the different detector signals of the monomer peak were normalized
to a relative intensity of “1”, so that the intensities of the different detectors are
comparable. As the scattering intensity is proportional to the square of the molecular
weight while the UV- and the RI-signals are proportional to the concentration, the
LS-signal of the dimer and trimer is stronger compared to the UV- or RI-signal. This
makes the identification of the presence of trace amounts of aggregates possible.
Enzyme activity measurements
Some enzymes had to be dialysed before use to change the state from suspension
to solution or to remove undesirable adjuvants. The dialysis was performed in a
Spectra/Por® dialysis membrane tube with a molecular weight cut off (MWCO)
of 12-14,000 (Spectrum Laboratories, Rancho Dominguez, USA). Before use the
membrane was purged and stored in water for at least 30 min. The enzyme was
used as suspension or was dissolved in a buffer and filled into the membrane tube.
The dialysis was performed against the 250-fold volume of a buffer. Which buffer
was used depends on the protein the dialysis was made with and is mentioned there.
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Figure 3.7: BSA separation of the monomer molecule and its multiples detected
by UV, LS (90°) and RI. The molecular weights of the monomer and the
aggregates (dense line) are calculated from the static light scattering signal.
The determined molecular weights (in brackets) agree well with the molecular
weights from the literature although the deviations are stronger with lower
concentrations: monomer with 66 kDa (68), dimer with 132 kDa (144), and
trimer with 198 kDa (232).
The dialysis membrane was placed in the buffer and stirred for three hours at 0
°C. Then the buffer was replaced and the dialysis went on for another 14 hours. As
dilution of the protein or aggregation may occur during dialysis the dialysed solution
was concentrated by filling the solution in Amicon Ultra centrifugal filters with a
MWCO of 30,000 (Millipore, Tullagreen, Ireland) and centrifuging in a pre-cooled
(0 °C) Sigma 3-16 PK centrifuge (Sigma Laborzentrifugen, Osterode, Germany).
The protein concentration was determined using a Lambda 25 UV/Vis-spectrometer
(PerkinElmer LAS GmbH, Rodgau, Germany).
The enzyme activity measurements were performed by measuring the reaction rates
of the catalysed reactions of the different enzymes. The reaction rates were de-
termined by measuring the increasing or decreasing UV-active participants of the
reaction. Two different UV-spectrometers were used: a Perkin Elmer Lambda 25
UV/Vis spectrometer connected to a PC with Perkin Elmer UV WinLab software
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(Perkin Elmer LAS GmbH, Rodgau, Germany) was used to measure the changing
concentration of an ingredient over time, and a Genesys 10S UV-Vis Spectrometer
(ThermoFisher Scientific, Madison, USA) was used for the measurements of single-
time-point UV-signals. The detailed enzymatic activity reactions and their results
are described in the next chapter.
Raman spectroscopy
For measuring the Raman spectra of levitated droplets a Raman set-up was installed.
It consisted of a multi-mode diode laser with an excitation wavelength of 785 nm
connected to a RPS 785 nm probe with a 12.7 mm diameter and a working distance
of 5.0 mm. The collected Raman signal was transmitted to a high sensitivity Ventana
spectrometer, which was connected to a computer to process the measured date by
an Ocean View software. All devices and the software were purchased from Ocean
Optics (Duiven, Netherlands).
3.2.3 Scanning electron microscopy
For the characterization of particle morphology an Amray 1810T Scanning Electron
Microscope (Amray, Bedford, USA) and a Zeiss Ultra-55 Scanning Electron Micro-
scope (Carl Zeiss Microscopy GmbH, Jena, Germany) were used. The samples were
fixed on aluminium sample stubs (Model G301, Plano) with Leit-C-glue (Neubauer
Chemikalien, Muenster, Germany) and sputtered with gold in an argon atmosphere
for max. 3 min at 5 kV and 20 mA in a sputter unit (Hummer JR Technics, Munich,
Germany).
3.2.4 Dierential Scanning Calorimetry (DSC)
DSC was used to determine the thermal behaviour of the polymers used in this
work. A Mettler Toledo DSC 822e (Giessen, Germany) coupled with a liquid nitro-
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gen cooler was used. STARe software was applied for the measurements and the
analysation of the experiments conducted.
3.2.5 Surface tension measurements
The surface tension, σ, of different solutions and suspensions was determined by the
drop count method using a glass stalagmometer tube with a volumetric capacity of
2.5 ml. For measurements at different temperatures the samples were heated in a
waterbath to the required temperature, were then filled in the stalagmometer and
tempered again for 2 min with closed ends in the water bath. Then the stalag-
mometer was fixed vertically above the waterbath, the meniscus of the sample was
adjusted to the specified marking and the number of falling droplets was counted.
From this value the surface tension of the sample, σ, can be calculated by using the
following equation:
σ = σw · ρ · nw
ρw · n (3.8)
with ρ the density of the sample, ρw the density of water, σw the surface tension of
water, nw the number of water droplets, and n the number of sample droplets. The
sample densities were determined by using a 5.022 ml glass pycnometer.
3.2.6 Dew-point hygrometer measurements
A S8000 Remote dew-point hygrometer (Mitchell Instruments GmbH, Friedrichs-
dorf, Germany) was used for moisture content measurements in drying air during
drying of acoustically levitated droplets. A hygrometer with a dew-point range be-
tween -40 ◦Cdp at a sensor temperature of 20 °C and 90 ◦Cdp at a sensor temperature
of 90 °C was chosen. Thus measurements in the levitation chamber with conditions
between T=25 °C / rhda=1 % and T=60 °C / rhda = 99 % be performed.
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4.1 Methods for monitoring protein inactivation in
acoustically levitated droplets
4.1.1 SEC and light scaering
Lorenzen and Lee (2012) used acoustic levitation to investigate enzyme inactivation
during drying. They utilized an enzymatic assay to determine the remaining activ-
ity of the dried enzyme solutions. But there remains a need for the inactivation and
aggregation determination of other proteins during the acoustic levitation experi-
ments. By establishing the SEC/UV/LS-system which is commonly used for the
inactivation determination of proteins (Ye, 2006; Ahrer et al., 2003; Kendrick et al.,
2001) the investigational potential of acoustic levitation can be expanded to more
proteins.
In order to investigate the inactivation of proteins during the acoustic levitation,
suitable proteins which meet the following demands have to be found: they have to
be water soluble, demonstrate high inactivation on thermal stress and be feasible to
achieve high concentrations in solution of up to 100 mg/ml.
4.1.1.1 β-galactosidase
β-galactosidase is described in literature as a labile protein. Heljo et al. (2011)
showed that storing freeze-dried β-galactosidase at 45 °C for seven days reduced
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the activity of the enzyme to zero. Yoshioka et al. (1994) showed that storing low
concentrated solutions of β-galactosidase at 55 °C for 75 min resulted in complete
aggregation of the molecules.
Sample impurities For the experiments described in this section two different
products of β-galactosidase from Aspergillus oryzae were purchased. The enzyme
purchased from Sigma-Aldrich contained approximately 90 % dextrin as an extender.
As the size distribution of dextrins can be very large (White et al., 2003) the first
act was to find out if dextrin peaks interfere with the enzyme in the chromatogram.
Another β-galactosidase sample was purchased from DSM and was according to
the manufacturers data, free from additives but spray-dried. Branchu et al. (1999)
showed that spray-drying β-galactosidase led to a 15 % loss of its activity after the
spray-drying process. Therefore it was necessary to analyse the existence of aggre-
gates in the spray-dried product before the enzyme could be used for inactivation
experiments.
For the investigation of the impurities or disturbing adjuvants the SEC/UV/LS
system as described in Chapter 3.2.2 was used to determine the suitability of the
enzyme samples for further experiments. The use of different detectors for the
detection of different molecular sizes is advantageous as LS is more sensitive to large
molecules while the UV detector requires a higher concentration. The UV detector
visualizes smaller molecules which are barely or not detected by LS (Ahrer et al.,
2003).
Both protein samples were dissolved in a 50 mM phosphate buffer pH 6.2 to a
concentration of 20 mg/ml. These solutions were injected in the system to check
the purity of the samples. The chromatograms of the spray-dried sample of β-
galactosidase from DSM and of the β-galactosidase extended with dextrin are shown
in Figure 4.1. The monomer of the enzyme eluates at 33 min and is the largest
peak in the UV-chromatogram. The small shoulder at 30 min is attributed to the
dimer of the enzyme. The UV-chromatogram of the spray-dried sample shows no
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further impurities. In contrast the LS-chromatogram illustrates two peaks of large
molecules eluting at 15.5 min and 16.5 min. The size of the molecules eluting after
this time averages approx. 10,000 kDa. These are attributed to large aggregates
of the β-galactosidase enzyme. In the UV-chromatogram of the dextrin-containing
sample, various peaks of molecules smaller than the enzyme were detected. These
are the different-sized dextrin molecules. In the LS-chromatogram of this sample
molecules larger than the enzyme were detected too. Without further purification
the β-galactosidase from Sigma-Aldrich is therefore not appropriate for the planed
investigations. Thus β-galactosidase purchased from DSM was chosen for further
investigations.
Although no disturbing impurities were detected in the UV or the LS chromatograms
of the spray-dried β-galactosidase (see Figure 4.1) the refractive index chromatogram
Figure 4.1: Different β-galactosidase samples separated by SEC and detected
by light scattering (upper diagram) and by UV (lower diagram).
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illustrated in Figure 4.2 (black line), shows a strong peak at 41 min. The molar mass
of this impurity could not be determined exactly but its mass is located between 0.3
kDa and 1 kDa. Thus it can be assumed that sugar molecules like e.g. sucrose or
trehalose (MW= 342 g/mol) were used for the protein stabilization in solution and
during spray-drying (Maury et al., 2005a; Lee, 2002; Liao et al., 2002).
The spray-dried β-galactosidase was therefore dialysed to remove these substances
contained in the formulation. The enzyme was dissolved in a 50 mM phosphate
buffer pH 6.2 which was also used for the dialysis. The whole dialysis process using
a membrane with a MWCO=12-14,000 Da is described in Section 3.2.2. After the
dialysis the concentration of the enzymatic solution was determined measuring UV-
absorbance at 280 nm. Then the samples were diluted to a concentration of 20
mg/ml and injected into the SEC/UV/LS system. In Figure 4.2 the grey line shows
the chromatogram of the enzyme after dialysis and the grey arrow shows the greatly
reduced peak of the impurity after dialysis.
Figure 4.2: Refractive index chromatograms of the dissolved solution and the
dialysed solution of spray-dried β-galactosidase.
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Thermal stability The thermal stability and aggregation of low concentrated (0.05
- 2.0 mg/ml) β-galactosidase from A. oryzae was already investigated by Yoshioka
et al. (1994). High concentrated β-galactosidase was not researched yet. Thus a con-
centration of 100 mg/ml which is necessary for the levitation experiments and the
subsequent analysation in the SEC was chosen to investigate the thermal stability of
the enzyme. The enzymatic solution (n=3) was maintained in a waterbath at 60 °C
during 240 min and samples were taken after 1, 10, 30, 60 and 240 min. The tempera-
ture conforms to the maximum gas temperature adjustable in the acoustic levitator.
The SEC/UV/LS-system was used for aggregation determination (conditions see
Table 4.1) and an enzymatic assay was conducted to measure simultaneously the
residual activity of the enzyme.
eluent 0.05 M phosphate buffer pH 6.2
flow rate 0.5 ml/min
injected volume 20 µl
column temperature 25 °C
Table 4.1: Conditions chosen for the β-galactosidase separation with SEC
Each sample was diluted with phosphate buffer in a ratio of 1:10 and used for
the aggregation determination by SEC. To prevent blocking of the SEC system
with insoluble aggregates, samples maintained for 30 min and longer at 60 °C were
centrifuged for 3 min at 5G before injection.
Figure 4.3 shows the averaged SEC chromatograms (n=3) obtained from the 100
mg/ml solutions stored at 60 °C for various lengths of time. Samples measured
after 0 min were taken from a solution stored on ice. The UV-chromatogram of
these samples is shown in Figure 4.3 a) at the lowest position. It shows a strong
peak at 33 min which represents the intact monomeric β-galactosidase molecule.
At 30 min the dimer of the enzyme can be observed. For the quantification of the
monomer and the multimer concentrations the area under the curve (AUC) value of
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the peaks was calculated using the integration function of the Origin 2016 software.
The AUC value for peak 1 was calculated setting the x-values between 25 min and
37 min and for peak 2 between 13.7 min and 20 min. No separation between the
monomer and the dimer was performed as the peaks were overlapping and the ratio
between the monomer and dimer did not change greatly.
No soluble aggregates were detected in the UV-chromatogram at the beginning.
While there is only a slight loss in the monomer concentration observable with time,
the absolute AUC values shown in Table 4.2 show a loss of the monomer but also
reveal a small peak of aggregates formed after 1 min and 10 min. Furthermore
an apparent increase in the monomer concentration between 0 min and 1 min can
be found on comparing the AUC-values of the UV-chromatogram. An apparent
increase in monomer concentration without a simultaneous decrease in aggregate
concentration can be explained by the strong viscosity change of water between 0
°C and 60 °C which occurred during the sample taking. The viscosity of water is
1.792 mN·s/m2 at 0 °C; heating up to 60 °C reduces the viscosity of water to 0.467
mN·s/m2 (Thermexcel, 2003). This makes it necessary to keep the pipette tip longer
in the solution until the adjusted volume is drawn up into the tip. In this case the
volume of the 0 min sample was not aspired completely so that the sample volume
a) b)
Figure 4.3: Averaged chromatograms of β-galactosidase measured after differ-
ent storage times (n=3). a) UV detection b) LS detection.
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taken at 0 min must be smaller than the volume taken when the sample achieved
the 60 °C. The increase in monomer content is therefore an artefact. Assuming that
the samples reached 60 °C after 1 min storage in the waterbath, then the deviation
of the concentration will not occur in the further measurements.
The LS-chromatograms (Figure 4.3 b) show the same effect of increasing concen-
tration of the monomer peak between 0 min and 1 min. Furthermore, large soluble
aggregates are formed in the first 10 min. At 1 min and 10 min measurement even
in the UV-chromatogram an aggregation peak at 16 min is visible. A shift of the
peak maximum to shorter elution time at 10 min indicates a growth in the
UV detector
Peak 1 Peak 2
I II III Mean I II III Mean
0 min 0.144 0.192 0.192 0.176 - - - -
1 min 0.189 0.209 0.175 0.191 0.003 0.003 0.002 0.003
10 min 0.161 0.170 0.191 0.174 0.001 0.002 0.002 0.001
30 min 0.175 0.176 0.164 0.171 - - - -
60 min 0.144 0.131 0.156 0.144 - - - -
240 min 0.090 0.088 0.045 0.074 - - - -
LS detector
Peak 1 Peak 2
I II III Mean I II III Mean
0 min 0.048 0.062 0.062 0.057 0.009 0.013 0.013 0.012
1 min 0.062 0.065 0.057 0.061 0.051 0.056 0.045 0.055
10 min 0.051 0.055 0.061 0.056 0.052 0.105 0.090 0.082
30 min 0.055 0.055 0.052 0.054 0.010 0.011 0.013 0.011
60 min 0.045 0.041 0.049 0.045 0.008 0.007 0.008 0.008
240 min 0.028 0.028 0.014 0.023 0.006 0.006 0.003 0.005
Table 4.2: The AUC values of the UV and LS chromatograms after different
storage times. The AUC values were calculated for peak 1 for 25-37 min and
for peak 2 for 13.7-20 min.
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aggregate size. It can be assumed that the aggregates are growing with time until
precipitation sets in, proved by the aggregation peak decreasing after 10 min and
the monomer peak too starts to get smaller. Yoshioka et al. (1994) reported com-
plete transformation of the monomer molecules to soluble aggregates, whereas in
this investigation the soluble aggregates appear as an intermediate phase and are
further transformed to insoluble aggregates. This can be explained by the high pro-
tein concentration used in this work. It was shown before that increasing protein
concentrations result in increasing protein aggregation and therefore in formation of
insoluble aggregates (Wang, 2005; Roefs and De Kruif, 1994; Kiefhaber et al., 1991).
The change in the concentration of the monomer is illustrated in Figure 4.4 as the
change in the AUC value. Additionally the residual activity of the β-galactosidase
was measured and is set in comparison to the AUC value. The enzymatic assay
Figure 4.4: Time course of the remaining enzyme activity and the AUC value
of the monomer peak of the β-galactosidase solution stored at 60°C. Residual
activity: `, AUC value: c, error bars: ±SD (n=3).
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was performed according to the United States Pharmacopeia Monograph of lactase
(USP, 2016). The principal steps of the assay are represented in Figure 4.5. The
samples were diluted in a ratio of 1:10,000 with acetate buffer pH 4.5 and used for
the residual activity measurements.
The enzymatic activity was first measured before the storage at 60 °C and the value
was set equal 100 % activity. In the first 30 min of the heating process the enzymatic
activity increased. The cause for the activity increase in the first minute is due to
the viscosity change of water (see above). Between 1 min and 30 min the AUC
value decreases little while the activity achieves its maximum after 10 min. This
indicates no loss in enzymatic activity in the first 30 min storage at 60 °C. Gargova
et al. (1995) described that the maximum activity of β-galactosidase was achieved
at 60 °C but did not mention the duration of the storage of the enzyme at this
temperature. This could be an explanation for the strong activity in the first 10
Figure 4.5: Enzymatic activity assay of β-galactosidase
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minutes. However in the long run the high temperature leads to unfolding of the
enzyme and therefore to a decrease in the enzymatic activity.
A strong loss in enzymatic activity between 10 min and 30 min accompanied by
an unchanged monomer concentration indicates an unfolding of the protein without
aggregation formation in the first 30 minutes. From 30 minutes on, both values, the
residual activity as well as the AUC value, decrease. Therefore it can be concluded
that storage of β-galactosidase in solution for longer than 30 minutes at 60 °C with
a concentration of 100 mg/ml leads to an irreversible and as shown in Figure 4.3
insoluble aggregate formation.
Dialysed β-galactosidase The thermal stability experiments described above were
repeated under the same conditions but with purified enzymatic samples. As previ-
ously mentioned, the spray-dried β-galactosidase is apparently stabilized with fur-
ther small molecular substances. To analyse the thermal stability of the enzyme
Figure 4.6: Time course of the enzyme activity remaining and the AUC value
of the monomer peak of the dialysed β-galactosidase solution stored at 60°C.
Residual activity: `, AUC value: c, error bars: ±SD (n=3).
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without further stabilizers, a dialysis as described in the previous paragraph was
conducted to minimize the stabilizing effect of the adjuvants. The results achieved
are presented in Figure 4.6. The curve progression of the residual activity of the
dialysed solution is as already shown for the stabilized solution comparable to the
progression of the monomer concentration curve. Both curves increase in the first
minute. Then the AUC value starts to decrease strongly while the activity of the
enzyme remains high in the first 10 min. From then on both curves decrease dras-
tically. After 30 min only 60 % of the enzymatic activity of the dialysed solution
remain while in the non-dialysed solution this value is reached only after 240 min.
The residual activity of the dialysed solution is below 35 % after 240 min mainte-
nance at 60 °C. The AUC value of the dialysed solution is after 240 min with 0.02
far lower than the AUC value of the non-dialysed solution with 0.07.
An inspection of the detailed chromatograms of the dialysed solutions (see Figure
4.7) shows a strong formation of soluble aggregates during the thermal stress process.
The highest concentration of soluble aggregates is detected after 10 min, which is
comparable to the results achieved with the stabilized solution. In this time the
strongest monomer loss is measured in the dialysed solution as a strong decrease in
the AUC value. The individual values are shown in Table 4.3.
a) b)
Figure 4.7: Averaged chromatograms of dialysed β-galactosidase measured after
different storage times (n=3). a) UV detection b) LS detection.
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UV detector
Peak 1 Peak 2
I II III Mean I II III Mean
0 min 0.140 0.123 0.149 0.137 - - - -
1 min 0.188 0.204 0.181 0.191 0.001 0.001 0.001 0.001
10 min 0.157 0.165 0.141 0.154 0.016 0.017 0.012 0.015
30 min 0.111 0.150 0.129 0.130 0.002 0.003 0.004 0.003
60 min 0.092 0.106 0.098 0.099 - 0.001 - 0.001
240 min 0.024 0.017 0.022 0.021 - - - -
LS detector
Peak 1 Peak 2
I II III Mean I II III Mean
0 min 0.049 0.039 0.047 0.045 0.010 0.008 0.009 0.009
1 min 0.066 0.068 0.060 0.064 0.014 0.016 0.011 0.014
10 min 0.054 0.057 0.049 0.053 0.560 0.607 0.448 0.538
30 min 0.036 0.048 0.042 0.042 0.052 0.084 0.068 0.068
60 min 0.031 0.033 0.029 0.031 0.008 0.010 0.009 0.009
240 min 0.008 0.005 0.008 0.007 0.002 0.002 0.003 0.002
Table 4.3: The AUC values of the UV and LS chromatograms of the dialysed
solutions after different storage times. The AUC values were calculated for
peak 1 for 25-37 min and for peak 2 for 13.7-20 min.
In summary, β-galactosidase from A. oryzae shows strong aggregate formation dur-
ing the storage of the solution at 60 °C. Soluble aggregates were formed and detected
during the experiment. A growth of the aggregates was found and after a certain
time the formation of insoluble aggregates and thus a decrease in the total AUC
value was measured. It was found that the dialysed enzyme was more prone to
thermal effects than the enzymatic solution without dialysis. And the suitability of
β-galactosidase for the determination of aggregation with the SEC/UV/LS-system
was demonstrated. Thus dialysed β-galactosidase seems to be a promising protein
for drying experiments in the acoustic levitator.
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Levitation of β-galactosidase solution droplets Levitation experiments were per-
formed with a dialysed 100 mg/ml β-galactosidase solution in 50 mM phosphate
buffer pH 6.2. The drying conditions were maintained at Tda = 60 °C, rhda = 2 %
and vda = 0 mm/s throughout the whole drying process. Droplets of initial volume
of 2.0 µl were set into the acoustic field and levitated for 1000 sec. Figure 4.8 shows
a typical drying history of one droplet drying at 60 °C. The surface temperature
of the droplet/particle, the aspect ratio and the rs(t)2
rs(0)2 were monitored during the
process. These parameters are described in Chapter 2.2.2. The critical point of the
drying process, Cp, was reached after 300-400 sec, when the particle surface reached
the Tda value and the radius of the particle terminated to decrease. From this time
point on the surface temperature of the particles was above 56 °C. The particle was
maintained for further 600 sec in the chamber to achieve further drying and to gain
a strong inactivation of the protein.
Figure 4.8: The drying process of the levitated droplets of β-galactosidase dis-
solved in 50 mM phosphate buffer and dried at Tda = 60 °C, rhda =2 % and
vda= 0 mm/s. The solid line is the surface temperature of the droplet/particle,
the dashed line is the aspect ratio and the dotted line the rs(t)2
rs(0)2 .
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After 1000 sec of total drying the dried particles were removed from the levitation
chamber and collected in a microtube refrigerated at -80 °C. Once 10 particles
were collected they were dissolved with 130 µl of water and stored at 0 °C for 30
min. Afterwards the microtubes were carefully tipped to homogenize the solution
and then centrifuged for 3 min at 5G to separate the undissolved aggregates. The
theoretical concentration of the levitated sample was calculated according to the
following equation:
theoretical concentration = 100
mg/ml×∑(initial drop volume)
0.13ml (4.1)
For the investigation of the aggregation formation and loss of the monomer the
chromatogram achieved from the dried particles was compared to a fresh β −
galactosidase standard chromatogram of a concentration of 10.00 mg/ml. Both
chromatograms are shown in Figure 4.9. The molar masses of the monomer and
the aggregates were determined and are highlighted by arrows and the values of
the molar masses in kDa. The aggregates have a 114 fold higher molar mass than
the active enzyme. The AUC values were calculated as described in the previous
paragraph and are listed in Table 4.4. Comparing the injected concentration of the
Sample Concentration[mg/ml]
UV detector
AUC value
LS detector
AUC value
Peak 1 Peak 2 Peak 1 Peak 2
Standard average (n=3) 10.00 0.194 - 0.061 0.015
Levitated
β − galactosidase
sample
11.3 0.159 - 0.050 0.014
Ratio of levitated
sample/standard [ %] 113 82 - 82 93
Table 4.4: Comparison of the AUC values of the standard β-galactosidase
samples and the levitated sample.
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levitated sample of 11.3 mg/ml with the concentration calculated from the UV
detector from peak 1, there is a loss of 31 % of the monomer concentration caused
by the drying process. This is comparable to the results achieved in the heated
solution experiment where after 16.5 min a loss of ~25 % of the monomer (from the
extrapolated AUC value) was calculated. Comparison of the measured concentration
of the aggregates calculated from the AUC value of peak 2 (93%) with the calculated
concentration of the monomer (82 %) shows that an increase in soluble aggregates
of 11 % can be determined. Although hardly no difference between the peak sizes
is visible in Figure 4.9, the calculated values show a loss of the monomer and an
increase in the aggregate concentration caused by the drying process in the levitator.
The results obtained from the drying experiments in the acoustic levitator show an
end-point loss of the monomer of 31 %. This should be considered in relation to
Figure 4.9: Chromatograms of the standard β-galactosidase solution (10.0
mg/ml) and the levitated sample (11.3 mg/ml).
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the long time of 600 sec during which the protein was exposed to the heat of 60
°C. Thus β-galactosidase seems to be fairly thermostable, therefore further proteins
should be analysed for their suitability.
4.1.1.2 Human IgG
Human IgG is reported to be heat sensitive and to form soluble aggregates during
spray-drying. Faghihi et al. (2014) showed that spray-drying a 50 mg/ml IgG solu-
tion at Tout = 56− 60 °C caused 8.01 % aggregation. Maury et al. (2005a) showed
that spray-drying human IgG at Tout = 85 °C produced 17 % total aggregates com-
pared to 0.7 % aggregate content before spray-drying. Therefore IgG from human
serum seemed to be a promising protein for drying at 60 °C in the acoustic levitator
and analysing the aggregate formation by a SEC/UV/LS-system.
IgG from human serum was purchased as an essentially salt-free, lyophilized pow-
der. The solid state of the pure protein facilitated the production of a high concen-
trated IgG solution which was necessary for a strong signal in the SEC-system. The
lyophilized IgG was dissolved to a concentration of 50 mg/ml in a 0.85 % (m/v)
sodium chloride solution pH 7.3 (Maury, 2005). This solution was used to levitate
approximately 2 µl sized droplets at Tda =60 °C and rhda =2 % for 1500 sec. Fig-
ure 4.10 shows a typical drying history of one IgG solution droplet dried at 60 °C.
The surface temperature of the droplet/particle, the aspect ratio and the rs(t)2
rs(0)2 were
monitored during the process. These parameters are described in Chapter 2.2.2.
The critical point (CP) is reached in this process after approximately 300 sec. The
remaining 1200 sec the protein particle was maintained at the adjusted conditions
to achieve further drying and to gain a strong inactivation of the protein.
After 1500 sec the dried particles were removed from the levitation chamber and
collected in a microtube refrigerated at -80°C. The sample for the SEC injection
was prepared according to the β-galactosidase samples described in Section 4.1.1.1.
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Figure 4.10: The curves of the drying parameters show the drying process
of a levitated droplet of IgG dissolved in 0.85% sodium chloride solution and
dried at Tda = 60°C, rhda =2% and vda =0 mm/s. The solid line is the surface
temperature of the droplet/particle, the dashed line is the aspect ratio and the
dotted line the rs(t)2
rs(0)2 .
For the separation of the IgG sample an eluent of physiological conditions was chosen
according to the GE column instruction 29-1150-46 AB. The whole system was
equilibrated overnight at 0.5 ml/min flow rate of a 50 mM phosphate buffer with a
pH-value of 7.3.
For the analysis of the inactivation of IgG and its aggregate formation, the chro-
matogram obtained from the dried particles was compared to a fresh IgG standard
chromatogram and a stabilized IgG sample chromatogram. For the standard run,
20 mg/ml of lyophilized IgG were dissolved in sodium chloride solution and immedi-
ately injected into the system. To eliminate inactivation effects other than thermal
denaturation, trehalose, a disaccharide with known stabilizing effect on proteins
during drying, was added to an IgG sample in a ratio of 1:1 (Lorenzen and Lee,
2013; Adler and Lee, 1999; Leslie et al., 1995; Colaço et al., 1992). The droplets of
the stabilized IgG solution were then levitated using the same conditions as for the
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non-stabilized IgG sample.
Figure 4.11 shows the chromatograms of the three samples. The molar masses of
the molecules separated by the SEC were calculated with the help of the ASTRA
5.3.4 software using the Zimm equation. The monomer peak at 33 min has an
approximate molar mass of 140 kDa. The second largest peak of 300 kDa is the IgG
dimer. Further molar masses of larger molecules are between 600 and 2270 kDa,
which means that the soluble aggregates consist of 4-15 monomer molecules.
Figure 4.11: Chromatograms of the standard IgG solution (20mg/ml), the
levitated IgG sample (17.1mg/ml) and with trehalose stabilized levitated IgG
sample (19.9 mg/ml).
Figure 4.12 shows the normalized chromatograms of the three samples separated by
the SEC and then detected a) by UV or b) by light scattering. The normalized rep-
resentation allows the comparison of the peak sizes between different chromatograms
where different concentrations were injected. In this case the detector signals are
normalized to the highest measured signal which is set equal to 1. Thus the changes
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in peak sizes of the dimer and multimer peaks between the different chromatograms
are clearly visible.
While in Figure 4.12a the signal intensity and therefore the distinction of the
a)
b)
Figure 4.12: Normalized chromatograms of the IgG samples a) UV-signal b)
light scattering signal. The highest points of the runs were each set “=1” so
that the proportions of the dimer and larger soluble aggregates become compa-
rable.
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samples is low, in Figure 4.12b the difference between the three samples is clearly
visible because of the stronger sensitivity of the light scattering detector to larger
molecules (Ahrer et al., 2003). In both chromatograms, but stronger in b) it is seen
that the stabilized IgG sample shows stronger soluble aggregate formation than the
non-stabilized sample. This would contradict the general theory of the stabilizing
effect of trehalose on protein inactivation and has therefore to be considered in
more detail. Therefore the non-normalized chromatograms need to be compared.
These are shown in Fig. 4.11. Although the injected IgG masses of the three
chromatograms are not identical (see Tab.4.5), it can be observed that the peak
hight of the monomer peak and the AUC of the levitated IgG sample is strongly
reduced compared to the standard sample and also to the stabilized IgG sample.
This assumption can be confirmed by the comparison of the AUC values of the
different chromatograms which are presented in Tab. 4.5. The effective AUC values
of the peaks are calculated by using the x-axis integral from 18 to 45 min. These
effective AUC values can be compared to the calculated AUC values which were
calculated from the standard theoretical concentration and the standard effective
AUC:
calculated AUC = standard effective AUC
standard theoretical concentration
×theoretical concentration
(4.2)
Considering the percentage of the effective AUC from the calculated AUC shows
that the loss of IgG molecules of the non-stabilized sample is strong. The dried
IgG sample lost 33 % of its former concentration while the stabilized sample shows
no loss in concentration. This strong loss of monomer in the levitated IgG sample
can be explained by the formation of insoluble aggregates of IgG molecules during
the drying or heating process in the levitator. In the stabilized sample, trehalose
prohibited the aggregation of the IgG molecules and thus formation of insoluble
aggregates. Hence the effective AUC value corresponds to the calculated value.
While Filipe et al. (2010) analysed IgG aggregation in solution at 50 °C and
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Theoretical
concentration
[mg/ml]
Effective
AUC [-]
Calculated
AUC [-]
Percentage of
effec-
tive/calculated
AUC [%]
Standard 20.0 0.606 - 100
Dried 17.1 0.345 0.518 67
Dried and
stabilized
19.9 0.616 0.605 102
Table 4.5: Overview of the calculated and effective concentrations and AUC-
values of IgG solutions
showed strong soluble aggregate formation after 25 min (=1500 sec), these results
are not comparable to the drying experiments conducted in the acoustic levitator.
The loss of 33 % of protein content at the end-point is much compared to the results
of Faghihi et al. and Maury et al.. Considering the long drying time in the acoustic
levitator, 33 % is considered as not enough for further experiments.
Besides the strong concentration decrease due to insoluble aggregate formation, some
soluble aggregates were also formed in this experiment. A precise concentration de-
termination of the soluble aggregates was difficult to perform in this work due to the
small size difference between the aggregates and the monomer and thus overlapping
peaks.
4.1.1.3 L-glutamic dehydrogenase (GDH)
Thermal stability L-glutamic dehydrogenase from bovine liver is a large hexam-
eric protein for which various information on thermal inactivation can be found.
Singh et al. (1996) observed the denaturation kinetics of low concentrated GDH in
solution (10 - 100 µM) at temperatures between 35 and 41 °C. They showed that the
denaturation of GDH in solution is not concentration dependent for the measured
concentration range and temperatures. A concentration dependency of the forma-
tion of insoluble aggregates of GDH was demonstrated by Sabbaghian et al. (2009).
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In this current work the thermal inactivation of bovine GDH is analysed as a high
concentrated solution of 4 mg/ml at 60 °C to observe the thermal inactivation of
GDH at conditions used for later levitation experiments.
Solutions of the enzyme were prepared by diluting the protein dispersion in a 100
mM triethanolamine buffer, pH 7.3. Details of the preparation of the GDH solution
and a description of the dialysis have been given in Section 3.2.2. The thermal in-
activation experiments were conducted at 25, 40, 50 and 60 °C by maintaining the
enzyme solutions for the specified time in a waterbath. The samples were taken at
different time points until 180 min and were stored on ice until the activity was mea-
sured. The enzymatic activity assay utilizes the catalytic action of GDH to convert
α-ketoglutarate to l-glutamate by using β-NADH and ammonium chloride as sub-
strates (Sigma-Aldrich, 2017b). The decline of β-NADH absorbance was measured
for 180 sec at 340 nm at 25±0.2 °C. The slope of the degradation was calculated
and normalized to the residual activity of GDH, while the activity of the untreated
enzyme solution was set equal to 100 %.
In this experiment GDH shows little activity loss at 25 °C during the measuring
time of 180 min. At higher temperatures a loss in activity occurred. Figure 4.13
shows the curves of the residual activities of the enzyme during the investigated
Figure 4.13: Thermal inactivation of L-glutamic dehydrogenase in solution
(4mg/ml) measured at 25 (`), 40 ( ), 50 (q) and 60 °C (f).
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time period. In the 40 °C test series, 42 % of the enzymatic activity remained
after 75 min and only 9 % remained after 180 min. The inactivation of the enzyme
occurred much faster at 50 °C where no residual activity could be measured after
20 min. At 60 °C the total activity loss was detected after 5 min while after 2 min
only 0.5 % of the residual activity remained.
In Figure 4.14 the natural logarithm of the activity loss is plotted against the time.
At constant temperature all curves show reasonable linear activity loss with the
reaction rate coefficient, kr, as slope. The linear decrease of the curves signifies
that the process of thermal inactivation of GDH for the chosen conditions can be
described by first-order kinetics. Hence these results are in accordance with the
results stated by Singh et al. (1996), which showed that the process of thermal
denaturation of low concentrated GDH is kinetically controlled by a single rate-
limiting step. The good linear fits indicate that the mechanism of inactivation on
thermal stress in solution may not be temperature dependent.
Figure 4.14: Logarithmic representation of thermal inactivation of L-glutamic
dehydrogenase in solution (4mg/ml) or stabilized with trehalose in a ratio of
1:5. Both solutions measured at 25 (`), 40 ( ), 50 (q) and 60 °C (f).
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Temperature
[°C]
kr - GDH
[1/s]
Standard
deviation
kr - GDH +
trehalose (1:5)
[1/s]
Standard
deviation
25 0.00047 0.00020 0.00055 0.00037
40 0.01767 0.00547 0.00880 0.00125
50 0.20521 0.06838 0.15148 0.01529
60 3.13842 0.90603 1.55204 0.04862
Table 4.6: First-order rate constants, kr, (calcualted as slopes of the logarith-
mised curves) of the residual activities of the GDH and GDH stabilized with
trehalose (ratio 1:5).
Comparable results were achieved with trehalose and GDH in a ratio of 5:1 (0.05
M trehalose and 0.01 M GDH). In this work trehalose shows no stabilizing effect on
the enzyme in solution. At 25 °C no prohibition of inactivation could be measured
as no inactivation occurred in the non-stabilized solution. A stabilizing effect of
the disaccharide was described in other publications (Kaushik and Bhat, 2003; Xie
and Timasheff, 1997; Lin and Timasheff, 1996) where the concentration needed
to achieve the effect of preferential exclusion has to be much higher. In previous
levitated droplet drying experiments it was proved that a 5:1 ratio of trehalose to
GDH is sufficient to maintain the activity of the enzyme during the drying process
of acoustically levitated droplets (Lorenzen and Lee, 2013). This indicates that the
stabilizing effect of trehalose sets in after the CP of the drying process. Due to
the fact that the slopes of the GDH solution and the GDH solution with trehalose
(Table 4.6) are almost identical, there is no evidence that trehalose in a ratio of 5:1
prevents thermal inactivation of GDH in solution.
Generally the effect of temperature on enzyme inactivation can be described by two
parameters of the Arrhenius-Equation, which are kr and E, the activation energy
needed to start the inactivation process of the enzyme :
kr = Af × exp−(E/RT ) (4.3)
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Figure 4.15: The Arrhenius-Plot of the enzymatic activity of GDH and GDH
stabilized with trehalose
where kr is the reaction rate constant, Af the pre-exponential factor (frequency of
collisions), E the activation energy, R the universal gas constant and T the absolute
temperature. The Arrhenius-Plot of this equation is shown in Figure 4.15 where
the natural logarithm of kr is plotted against the reciprocal value of the absolute
temperature. The plots of either solutions are very close to linear, which signifies
that the inactivation of the enzyme is a rate-limited temperature induced process.
The slopes of both solutions, the enzymatic solution and the enzymatic solution
containing trehalose, are very similar. Thus the activation energies, E, are very
similar for both systems. To calculate the value of the activation energy the slope,
∆, of the Arrhenius-Plot can be used:
E = −∆×R (4.4)
For the GDH solution a value of 207.2±8.79 kJ/mol and for the trehalose containing
GDH solution a value of 197.2± 12.38 kJ/mol was calculated. Both values are very
similar and are similar to the value determined by Singh et al. (1996) (272.4 kJ/mol).
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These results confirm the thermal sensitivity of bovine GDH and demonstrate that
the thermal inactivation follows first order kinetics also for high GDH concentrations.
Hence the enzyme was used for further measurements of inactivation during the
drying process in the acoustic levitator.
Drying of levitated GDH droplets and analysis of GDH inactivation The aim of
this study was to show the suitability of the SEC system to observe protein inacti-
vation during drying of protein droplets in the acoustic levitator. GDH has already
been used for levitation experiments where the residual activity of the enzyme was
measured using the enzymatic assay described in the section before (Lorenzen and
Lee, 2013). In this current work, the soluble GDH concentration was determined
using the SEC/UV/LS system at different time points during the drying process -
before, around and after the CP.
In this experiment droplets/particles of GDH solution were levitated at Tda =60 °C
and rhda =1 % for up to 1000 sec. After different drying times these droplets/particles
were taken from the levitation chamber and immediately frozen with liquid nitrogen.
A sufficient amount of particles was collected (approx. 25 particles of each ~2 µl
volume) until a concentration of 10 mg/ml by rehydration in 100 µl triethanolamine
buffer could be achieved. This concentration of 10 mg/ml was appropriate for the
analysis with the SEC system to achieve strong signals despite loss of protein due
to formation of insoluble aggregates.
As reported by Rogers (1975) insoluble aggregates are formed on treatment of GDH
at 47 °C in aqueous solution. To prevent the injection of insoluble aggregates into
the SEC column, the aggregates were removed by centrifuging the samples for 3 min
at 5 rpm. Samples of 20 µl of the supernatant were then injected into the SEC unit.
As mobile phase a 0.05 M phosphate buffer pH 6.2 with 0.005 % m/v sodium azide
was used with a flow rate of 0.5 ml/min.
A dissociation of the GDH molecules during the SEC fractionation was described
by Folta-Stogniew and Williams (1999). They specified that the protein eluted in a
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single peak, but inhomogeneously with respect to the molecular weight determined
by light scattering. To prohibit a dissociation of the enzyme during the separation
process, it was found to be advantageous to hold the SEC column temperature at
12 °C. A representative chromatogram obtained from a 10 mg/ml GDH solution
is shown in Figure 4.16. The molar mass was determined from the static light
scattering (SLS) signal. The chromatogram shows a main peak centred at a retention
time of 28 min which has a small shoulder at 26 min. The molecular mass calculated
by the Zimm-Plot for the main peak is 436 kDa which is much higher than the known
molecular mass of the GDH hexamer of 336 kDa (Ma et al., 2014). The reason for
this deviation is the use of the Zimm-Plot for a single protein concentration which
generates a concentration-dependent value for molar masses (Takeuchi et al., 2014).
The protein shows self-association in SLS at higher concentrations, followed by non-
ideal effects between the protein molecules which are expressed by the second virial
coefficient. The value of molecular mass of 436 kDa determined for the GDH 10
mg/ml solution is therefore attributable to this concentration dependency. The
current study was performed by injecting a fixed number of dissolved droplets /
Figure 4.16: Chromatogram of L-glutamic dehydrogenase solution (10 mg/ml)
with molar masses.
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particles corresponding to a theoretical concentration of 10 mg/ml of GDH. This
means that only a single concentration of GDH was examined by the SLS detector.
It was therefore not possible to extrapolate the Zimm-Plot back to zero concentra-
tion to obtain the value for molecular mass at infinite dilution. In this work this is
not necessary since the goal is to determine and follow changes in the concentration
of non-aggregated native GDH in the droplets/particles removed from the levita-
tor. This can be done as long as the native hexamer GDH peak can be identified
unequivocally.
For determination of the residual protein concentration, the integrated peak area
(AUC) of the UV signal at 280 nm was used. From the calculated AUC value
the residual concentration of the hexameric GDH was determined using a calibra-
tion curve. This calibration curve was run in the concentration range of 5 to 15
mg/ml GDH (n≥ 3) and shows a linear relation between the injected concentration
and the calculated AUC value confirmed by the high coefficient of determination,
r2=0.99121. Figure 4.17 shows the calibration curve, the corresponding linear equa-
tion and the coefficient of determination.
Figure 4.17: Calibration curve of GDH measured for concentrations between 5
and 15 mg/ml.
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In the subsequently described experiment, the theoretical concentrations of the in-
jected solutions were calculated from the cumulative starting droplet volume and
from the concentration of the starting solution of the collected droplets. The con-
centration calculated from the AUC value was set in relation to the theoretically
injected concentration to determine the loss of the hexameric enzyme due to heat
denaturation and thus formation of insoluble aggregates.
Size exclusion chromatograms of levitated droplets/particles of GDH collected at
different process times are shown in Figure 4.18. Each time point was measured at
least 3 times, but only one chromatogram of each time point is shown. In the first
three SEC chromatograms (Fig. 4.18a-c) of 50, 150 and 250 sec, the chromatograms
remain essentially unchanged compared to that of the starting solution (Fig. 4.16).
The main peak and shoulder show molecular masses of 430 kDa and 620 kDa, respec-
tively. Moving on to t=350 sec (Fig. 4.18d) two changes can be detected. First, the
main peak has decreased visibly in height and area which indicates that the amount
of non-aggregated GDH hexamer present has decreased. Secondly, the Zimm-Plot
now calculates a molar mass of 335 kDa. This is the correct molecular mass of the
GDH hexamer of 336 kDa as calculated from its primary sequence and also from SLS
measurements extrapolated to infinite dilution. The pattern of behaviour continues
at t=500 sec and 1000 sec. Figure 4.18e shows the representative chromatogram at
t=500 sec, where a small peak at a retention time of 16 min appears. The deter-
mined molar mass of the molecules eluting at this time point is approx. 9,500 kDa
which shows the formation of large soluble aggregates as an intermediate inactiva-
tion step between the native hexameric protein molecules and the large insoluble
aggregates. Earlier SLS studies had shown that GDH first dissociates to a trimer
and then further to a monomer which is then unfolded to produce inactive aggre-
gates (Rooki et al., 2007; Fukushima et al., 1985). It is probable that in this case
the GDH also dissociates to trimers and then monomers during the thermal stress,
but these are then converted fast to large aggregates which tend to precipitate. It
was shown by Sabbaghian et al. (2009) that insoluble aggregates of GDH are formed
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faster at higher enzyme concentrations. Thus the soluble fragments and aggregates
exist only for a short time and then precipitate fast. This also explains the strong
turbidity formation observed in the rehydrated samples dried beyond the CP.
Figure 4.18: Size exclusion chromatograms of levitated droplets/particles of
GDH collected at different process times. a) 50 sec; b) 150 sec; c) 250 sec; d)
350 sec; e) 500 sec; f) 1000 sec.
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The last time point, t=1000 sec, is represented by Figure 4.18f, where both main
peak and shoulder now have greatly decreased height and area. The molecular mass
remains at 349 kDa for the main peak and 645 kDa for the shoulder. A small peak at
40 min retention time appears at each measured time point and shows a molecular
mass between 1 and 30 kDa. As the GDH monomer has a molar mass of 56 kDa
this peak cannot be the monomer of the hexameric GDH. It is assumed that this
small peak results from the buffer salts as it is seen unchanged at all process times
up to 1000 sec.
A representative process of the drying kinetics of a GDH solution droplet with a total
duration of 1000 sec is given in Figure 4.19. The position of the droplet demonstrates
the weight change of the droplet/particle during the drying period. The aspect
ratio shows the change in the ratio of the horizontal and vertical radius of the
droplet, the rs(t)2
rs(0)2 the change in the radius and the surface temperature (Ts) of the
droplet/particle was measured during the drying process. When the critical point of
the drying process (CP) is reached (here at approx. 300 sec) the surface temperature
starts to increase until it reaches the drying gas temperature. At the same time
the aspect ratio stops changing as a solid crust is formed at the surface, hence
the particle radius stops decreasing. The residual content of the native hexameric
GDH was determined using the AUC values calculated from the UV chromatograms
generated at different time points of the drying process and by determining the
concentration with the help of the calibration curve (Fig. 4.17). The solution of
the rehydrated droplets taken from the levitator at time points t=50, 150 and 250
sec and the native, non-levitated solution t= 0 sec contained no visible insolubles.
Hence it can be assumed that no loss of native GDH molecules occurred in this
time and therefore the concentration of the native GDH measured by SEC is at its
original level. A small decrease between the protein content at t=0 sec and t=50,
150, 250 sec is observable which occurs due to the freezing, rehydration and dilution
of the samples. The samples levitated for t=350, 500 and 1000 sec contained visibly
insoluble particles which were removed by centrifugation. Thus the determined
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concentration of the hexameric GDH at these time points was lower. An explanation
for this decrease in native protein content is the change of the drying process. As
mentioned above, the CP of the drying process is reached after approximately 300
sec. Until this time the GDH native hexamer is largely intact in the droplet. Figure
4.19 also shows that the surface temperature of the droplet is approximately 30 °C
at this stage of drying. Calculations with the numerical simulation of the drying of
a levitated microdroplet show that the temperature inside of a droplet of this size
will lie very close to Ts (Sloth et al., 2006). Taking the results achieved above in the
thermal inactivation experiments of GDH in solution at 25 °C, with a reaction rate
constant, kr = 0.00047 1/sec which gives a half-life of 1475 sec, the conclusion can
Figure 4.19: Drying kinetics of GDH in the levitator at Tda= 60 °C and
rhda=2 %. The residual native hexamer content is represented by . The
droplet/particle surface temperature (solid line), the aspect ratio (dotted line),
the particle relative position (dashed line) and the rs(t)2
rs(0)2 where rs(t) is the
droplet radius and rs(0)is starting droplet radius (dashed-dotted line).
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be drawn that GDH is stable at 25 °C. At the CP, Ts increases sharply and rapidly
reaches 57 °C at t=330 sec. At t=350 sec the native content has declined to 60 %
of that of the starting solution and at t=500 sec to 30 % of that of the starting
solution where it remains stable until the end of the experiment at 1000 sec. The
almost linear rapid decline in the residual protein content after the CP until t=500
sec is attributable to this rise in Ts that causes a structural change, i.e. unfolding
of the protein. On rehydration the unfolded molecules aggregate to form insolubles
(Kendrick et al., 2002). This decrease in concentration is accompanied by a change
in the calculated molecular mass from approximately 430 kDa to approximately 340
kDa. It was shown for GDH in 0.067 M pH 7.6 sodium phosphate buffer that a
reduction in concentration to <0.1 mg/ml caused the calculated molecular mass to
fall below 400 kDa (Markau et al., 1971).
The technique of using SEC with LS and UV detectors for the determination of
aggregation during the drying process of GDH droplets in an acoustic levitator, is
demonstrated in this work. Even though in this study the results are demonstrated
only for one protein, these correlate very well with the results presented by Lorenzen
and Lee (2012). They determined the residual activity of the GDH during the drying
process in the acoustic levitator under the same conditions as used in this study.
They showed that before reaching the CP, no inactivation of the enzyme could be
detected. Immediately after the CP the activity of GDH starts to decrease rapidly.
This observation is in good agreement with the measured residual monomer content
of the GDH during the drying process in this work.
This study therefore indicates that the formation of insoluble aggregates occurs
fast after the inactivation, i.e. disintegration of the hexameric molecule. The
SEC/LS/UV system is an appropriate setting to determine the inactivation of pro-
teins during the drying process in the acoustic levitator.
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4.1.2 Raman spectroscopy
One method for the determination of the secondary structure of proteins is Raman
spectroscopy (Kinalwa et al., 2010; Pelton and McLean, 2000; Bussian and Sander,
1989). It was the purpose of this work to establish a technique for monitoring in
situ thermal denaturation kinetics of proteins during drying of acoustically levitated
protein solution droplets. The method of Raman acoustic levitation spectroscopy
(RALS) was already described by Tuckermann et al. (2009) where evaporation,
crystallization and acid-base reactions of small molecule solutions were analysed;
by Radnik et al. (2011) where inorganic complex oxides were monitored during
drying; and by Wood et al. (2005) who investigated levitated algal cells using Raman
spectroscopic methods.
Figure 4.20: Outline of the Raman setup for measurement of the Raman signal
from a levitated droplet.
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a) b)
Figure 4.21: Raman setup a) the Raman probe in the outer acrylic glass cham-
ber darkened with black cardboards and cloth. b) A levitated droplet irradiated
by red laser light.
For the measurements of Raman spectra of proteins a 785 nm laser with a Raman
spectrometer was used. Details of the used devices are described in Chapter 3.2.2.
The setup for the spectroscopic analysis of the levitated droplet is shown in Figure
4.20. The Raman probe was used to irradiate the droplet with the laser light and
simultaneously to collect the Raman scattering. The front part of the probe was po-
sitioned at a distance of approx. 5 mm away from the levitated droplet in the inner
acrylic glass chamber. No disturbance of the acoustic levitation by the close arrange-
ment of the Raman probe to the droplet could be detected during the drying process.
The whole probe was located in the outer acrylic glass chamber (see Fig. 4.21a).
The probe was connected to the laser and the spectrometer as shown in Figure 4.20.
In order to avoid perturbations by the scattered light from the computer screen,
the inner and outer acrylic glass chambers were covered by black cardboard and a
black cloth as shown in Figure 4.21a. The red illumination of the droplet/particle
by the laser light allowed the control of the focusing of the droplet/particle. This
was necessary as the droplet/particle rose slightly with the drying time due to loss
of water during drying. The white arrow in Figure 4.21b shows one, by the laser
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light, red illuminated levitated droplet during a measurement.
Not only the focusing of the droplet but also the increasing concentration of the
protein, the solid crust formed after reaching the Cp, and the increasing particle
temperature may represent challenges for the Raman spectroscopic measurements
of the levitated droplet/particle. In this section these challenges were investigated
using two model proteins, lysozyme from hen egg white and IgG from human serum,
to investigate the suitability of a Raman spectroscopic probe for measurements
of levitated protein solution droplets during drying. In order to demonstrate the
suitability of the Raman probe in the acoustic levitator, a strong Raman signal has to
be measured throughout the whole drying process. Moreover, for the determination
of changes in the secondary structure of proteins transformations of the amide I and
amide III bands were monitored and analysed.
4.1.2.1 Lysozyme
Lysozyme is a small enzymatic protein that is frequently used for protein denatura-
tion measurements and is well characterized in the literature for different conditions.
Raman measurements of lysozyme were conducted e. g. by Yu and Jo (1973); Chen
et al. (1973) and Lord and Yu (1970). Therefore lysozyme was chosen as a model
protein for the Raman measurements in the acoustic levitator.
First of all, appropriate measuring conditions had to be determined for a levitated
droplet. The number of scans with a certain integration time and an appropriate
distance between the probe and the droplet had to be found to achieve a strong signal
of a 5 % (m/m) lysozyme solution. The integration time should be as long as possible
to achieve a strong signal, but has to be short enough to measure changes during
drying. Thus an integration time of 10 sec was chosen for one scan, while 10 scans
were averaged for one final Raman spectrum. These conditions allowed a recording
of Raman spectra every 100 sec. A distance of approximately 5 mm between the
probe and the droplet was finally chosen as smaller distances caused disturbance in
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the levitation process and longer distances resulted in less intense Raman spectra.
The Raman spectrum of a levitated 5 % lysozyme solution droplet measured using
these conditions is shown in Figure 4.22. Both, amide I and amide III bands are
clearly visible in the measured Raman spectrum. Furthermore characteristic bands
of Trp (765 cm−1), Phe (1008 cm−1) and of the indole ring of Trp (1556 cm−1) can be
seen in the measured Raman spectrum (Rygula et al., 2013). This Raman spectrum
measured by focusing an acoustically levitated droplet at ambient conditions was
compared to a Raman spectrum determined by focusing a 30 % (m/m) lysozyme
solution in a cuvette by using an established Raman spectrometer. A 785 nm laser
with a laser power of 100 mW was used and an integration time of 150 sec and an
average of 10 measurements were chosen for the measurements.
Figure 4.22: Raman spectra of lysozyme. Black line shows the spectrum of a 5
% lysozyme solution measured on a levitated droplet of approx. 2 µl starting
volume (time acquisition 100 sec, wavelength 785 nm, nominal power laser
499 mW). Grey line shows a Raman spectrum of a 30 % lysozyme solution
measured in a cuvette (time acquisition 1500 sec, wavelength 785 nm, nominal
power laser 100 mW).
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The Raman spectrum achieved is also presented in Figure 4.22 and correlates strongly
with the Raman spectrum of the levitated droplet. Furthermore the Raman spec-
trum of the levitated droplet compares to the Raman spectrum described by Lord
and Yu (1970).
According to the work of Ota et al. (2014) a change in protein concentration should
not influence the amide I band as the difference in lysozyme concentration changes
the distance between the molecules but does not influence the secondary structure
of the proteins. Although slight differences in the intensity of some peaks and a
minor total shift to smaller values of the Raman spectrum measured in a cuvette
exist in Figure 4.22, it can be stated that a strong Raman signal of the levitated
lysozyme droplet can be achieved. No perturbations by Raman scattering caused
by the acrylic glass chamber walls nor by further light sources were detected.
Since the determination of Raman spectra of a levitated protein droplet was shown
to be possible, the next aim of this work was to achieve strong Raman signals
throughout the whole drying process. This was investigated by drying a 5 % (m/m)
lysozyme solution at Tda = 45 °C and rhda= 1 % while measuring the spectra of
Raman scattering of the droplet/particle at intervals of 100 sec in a total time of
3 000 sec. A representative example of the drying kinetics of a lysozyme solution
droplet (approximately 1.6 µl) dried at 45 °C is shown in Figure 4.23a. The surface
temperature of the droplet/particle, the vertical radius of the droplet/particle and
the position of the centre of the particle (measured as a function of the starting
position) are presented as time dependent parameters. These parameters indicate
that the Cp of the drying process was reached after approximately 400 sec of drying.
From this time point on the surface temperature of the droplet starts to increase
until Ts =48 °C is reached. The vertical radius of the droplet/particle decreased
strongly in this time, in this case from 0.70 mm starting value to a final value of 0.3
mm. Furthermore the position of the droplet changed as the droplet ascended due
to weight loss during the drying process. It was not possible to elevate the Raman
probe without
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a)
b)
Figure 4.23: a) Drying kinetics of a 1.6 µl (starting volume) levitated droplet
of 5% lysozyme solution in water dried at Tda = 45 °C, rhda = 1 % and
vda = 0 mm/s. b) Raman spectra measured at different time points of the
drying process of a lysozyme droplet at similar conditions as used in a).
shifting it sidewards. It was however possible to focus on the droplet/particle
throughout the whole drying process by maintaining the probe at the same place.
The permanent focusing of the droplet is proven by the measured Raman spectra
shown in Figure 4.23b. Although the signal intensity changed during the drying pro-
cess, a strong signal-to-noise ratio of the measured Raman spectra could be achieved
throughout the whole process (Fig. 4.23b).
A fluctuating signal intensity between approximately 600 sec and 1 000 sec was
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detected. From 700 sec on, the intensity increased and remained high between
1000 sec and 3000 sec, where no further significant changes in the signal intensity
occurred. The peak intensities of two characteristic bands (amide I and amide III),
shown in Figure 4.24 demonstrate the fluctuating signal intensities of the measured
Raman spectra.
There are two possible explanations for this signal intensity increase. One expla-
nation is that during the drying process the air humidity in the drying chamber
decreased. Due to the decreased water concentration around the particle a better
focusing of the particle and thus an increased signal intensity was achieved. An-
other option is that this changed signal intensity resulted from droplet oscillation.
Although possible oscillations of the droplet should be compensated by the long
integration times, it is possible that due to these oscillations which occur preva-
lently at the beginning of the drying process, the signal intensity was affected by
a fluctuating distance between the droplet and the probe. At the beginning of the
drying process the movement of the droplet is stronger than at the time where a
rigid surface of the particle was formed. Thus the signal intensity increased when
the droplet movement decreased.
Nevertheless it can be stated that Raman spectroscopic measurements during the
drying process of a levitated droplet are possible despite challenges like focusing on
an ascending particle with decreasing particle size and increasing surface tempera-
ture.
The next step was to find out whether Raman spectroscopy can be used to detect
thermal denaturation kinetics of proteins in situ of a levitated droplet. Therefore it
is necessary to ensure that the amide I and amide III bands in the Raman spectrum
can be detected exactly (Pelton and McLean, 2000).
The physical mechanism of thermal denaturation of proteins is thought to be ac-
companied by a conversion of the protein backbone from α − helix to β − sheet
(Dong et al., 2000). As the position of the amide I and III bands depends on the
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a)
b)
Figure 4.24: Raman shift and peak intensity change from a single droplet
measurement of the a) amide I band of lysozyme and b) amide III band of
lysozyme during the drying process.
arrangement of the secondary structure of a protein, Raman spectroscopy can be
used to investigate possible structural changes in the secondary structure of proteins
during drying. The secondary structure of lysozyme is interspersed by α-helices (45
%), β-sheets (~20 %), β-turns (~20 %) and random coil (~13 %) (Cai and Singh,
2004). Thus the natural position of amide I and III bands is expected to be arranged
somewhere between the regular α− helix and β − sheet values. These values were
summarized in Table 2.2 of Section 2.3.3.
For the determination of structural changes of lysozyme during drying, the peaks
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of amide I and amide III bands were analysed for their position (peak intensity and
Raman shift value). The results are shown in Figure 4.24a for the amide I band
and in Figure 4.24b for the amide III band. A shift of the amide I band to higher
values (from 1661 to 1665 cm−1) was detected during the drying process. As an
interaction of proteins with the solvent often causes broadening of bands and shifts
of their maxima, it is important to consider this impact on the Raman spectrum for
the drying experiments. In this case Yu and Jo (1973) stated that the conformation
of the lysozyme backbone remains the same in crystal and also in solute state. Thus
the shift of the amide I band must occur due to conformational changes caused
by thermal impact on the protein during drying. No change in Raman shift was
measured for the amide III band during the total process time of 3 000 sec (see
Figure 4.24b).
For a more detailed view of the secondary structural transformations in the protein
structure during drying, a curve fitting analysis of the amide I and III bands was
performed. The resulting curves are presented in Figure 4.25. The values determined
for their maxima and a classification of the corresponding secondary structure are
given in Table 4.7.
With regard to results presented by Chen et al. (1973) where an inactivation of the
lysozyme molecule was achieved after heating the lysozyme solution above 70 °C, no
strong inactivation of the enzyme was expected in these experiments, as only a low
process temperature of approximately 45 °C is reached by the lysozyme particle.
Nevertheless the changes in the amide III band of the Raman spectrum show that
a transformation in the secondary structure of the protein took place. The peak at
1252 cm−1 increased during the drying process while the peak at 1283 cm−1 lost
in intensity and was shifted to 1279 cm−1. With reference to Table 2.2 of Section
2.3.3 it can be concluded that the α − helical structure (1283 cm−1) was partially
transformed during the drying process to an unordered state (random coil positioned
at 1252 cm−1). This might occur due to thermal impact or due to dehydration of
the protein during drying.
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Comparing the amide I bands measured after 200 and 3 000 sec shows a decrease
of the α− helix band at 1657 cm−1 while the β − sheet band at higher wave num-
bers increased. This finding supports the predication that a transformation from
α − helical to β − sheet structure is taking place during protein denaturation in a
levitated droplet. And furthermore it is obvious that partial structural transforma-
tions of the lysozyme secondary structure already took place during the drying of a
droplet at 45 °C.
Consequently one can say that Raman spectroscopic analysis can be used to deter-
mine even minor conformational changes in the secondary structure of proteins.
a) b)
c) d)
Figure 4.25: Curve fitting of the amide III (a,b) and amide I (c,d) bands of
lysozyme measured after 200 sec (a,c) and after 3 000 sec (b,d). The black
lines demonstrate the measured Raman spectra, the grey lines demonstrate the
Gaussian fitted peaks and the dotted lines the cumulative curves of the fitted
peaks.
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Raman shift [cm−1] Conformation
200 sec 3 000 sec
Amide III 1252 1252 random coil
1283 1279 α− helix
Amide I 1657 1662 α− helix / turn
1679 1689 β − sheet
Table 4.7: Raman shift values of the bands calculated from curve fitting.
4.1.2.2 Human IgG
Another protein was chosen for the Raman measurements of a levitated droplet to
demonstrate that the suitability of the Raman spectroscopy for in situ denaturation
measurements depends not on certain molecular characteristics and is not only ap-
propriate for small proteins. Therefore, in this case a large protein, the human IgG,
was used as a further protein for detection of Raman spectra during drying of a
protein solution droplet. A 5 % IgG aqueous solution was used for the drying exper-
iments. The drying conditions remained the same as used for lysozyme experiments
described above.
The drying kinetics of a representative IgG solution droplet are shown in Figure
4.26a. The Cp is reached after a constant rate period of approximately 450 sec. From
500 sec on the drying parameters remain constant. Although the droplet position
changed during the drying process and the radius of the droplet/particle decreased
from 0.7 mm to 0.3 mm, it was still possible, as in the lysozyme experiments,
to detect the characteristic Raman scattering of IgG throughout the whole drying
process (see Figure 4.26b). However the signal-to-noise ratio of the Raman spectrum
of the IgG solution was worse than that of the lysozyme solution, even though the
same concentration of 5% (m/m) was used for both experiments.
Some of the measured Raman spectra of the droplet / particle (from 500 to 1800
cm−1) are shown in Figure 4.26b. The intensity of the Raman scattering changed
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during the total measuring period of 3 400 sec. The intensity decreased in the first
500 sec, increased then drastically until a maximum in signal intensity was reached
after approximately 900 sec and then again decreased slightly. One explanation
for this intensity change during the drying process might be the changing distance
between the particle and the laser/detector which resulted from oscillating movement
of the particle in the standing acoustic wave. The progress of the intensity changes
during the drying process, visualized by the example of the peaks of the amide I
a)
b)
Figure 4.26: a) Drying kinetics of a 1.7 µl (starting volume) levitated droplet
of 5% IgG solution in water dried at Tda = 45 °C, rhda =1 % and vda =
0 mm/s. b) Raman spectra measured at different time points of the drying
process of an IgG droplet at similar conditions as used in a) .
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and amide III bands, is presented in Figure 4.27a for the amide I band and in Figure
4.27b for the amide III band.
The amide I band shows, similar to the lysozyme results, a shift to higher wave-
numbers (from 1675 to 1680.5 cm−1) during the time until the critical point of the
drying process is reached. Thereafter the maximum of the amide I band shifted back
to 1678/1679 cm−1 and remained constant until the end of the measuring process
of 3 400 sec. The maximum of the amide III band shows, similar to lysozyme, less
variations in the wave-number.
a)
b)
Figure 4.27: Raman shift and peak intensity change of the a) Amide I band of
IgG and b) Amide III band of IgG during the drying process.
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A closer scrutiny of the fitted curves of the amide I and amide III bands of the
IgG Raman spectra provides more detailed information about the changes in the
secondary structure of the protein during the drying process. The secondary struc-
ture of the native IgG molecule consists of 47 % beta-sheet, 7 % of alpha-helices
and the remaining percentage are turns and coils (Marquart et al., 1980). Vermeer
and Norde (2000) analysed the thermal stability of IgG and reported that the sec-
ondary structure of the molecule is mainly stable in the temperature range between
20 - 55 °C, while at 55 °C a rupture of disulphide bonds was detected which is
ascribed to the denaturation of the Fab fragment of the IgG molecule. Therefore
no strong denaturation effects were expected at 45 °C drying temperature. Never-
a) b)
c) d)
Figure 4.28: Curve fitting of the amide III (a, b) and amide I (c, d) bands of
human IgG measured after 200 sec (a, c) and after 3 000 sec (b, d). The black
lines demonstrate the measured Raman spectra, the grey lines demonstrate the
Gaussian fitted peaks and the dotted lines the cumulative curves of the fitted
peaks.
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theless comparing the fitted curves of amide I and amide III bands after 200 sec to
those obtained after 3 000 sec one can find changes in the secondary structure of the
molecule. Comparing Figure 4.28a to Figure 4.28b shows an increase of the band at
1253 cm−1 (random coil) in relation to the decreasing band at 1294 cm−1 (α-helix).
Similar finding can be made by comparing the amide I bands after 200 and 3 000 sec
(Figure 4.28c, d). While the 1650 cm−1 band decreased during the drying process,
the random coil bands at 1675 cm−1 and 1693 cm−1 remained strong throughout
the drying process.
Raman shift [cm−1] Conformation
200 sec 3 000 sec
Amide III 1220 1221 β − sheet
1244 1243 random coil
1254 1253
1272 1272
α− helix1282 1282
1294 1294
Amide I 1632 β − sheet
1650 α− helix
1658 1660
turn1675 1676
1693 1692
Table 4.8: Raman shift values of the bands calculated from curve fitting.
By measuring the Raman spectra of levitated droplets of IgG and lysozyme solutions
during drying, it was shown that Raman scattering is a suitable tool for measuring
in situ structural changes during the drying process of droplets.
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4.2 Determination of moisture content in drying air
and in dried particles
The aim of this study was to find a suitable technique to determine the residual
moisture content in the particles dried in the acoustic levitator. Due to the small
size of a dried particle which has a solid content of approximately 0.05 - 0.2 mg in a
2 µl droplet, a sensitive method is necessary. This method should allow to measure
low water content in a small sample volume.
While the Karl-Fischer method is very sensitive to low water contents and is capable
of measuring 1 ppm of water, it requires at least a sample sizes of 100 mg (Mettler-
Toledo, 2012). This sample size corresponds to approximately 500 particles dried in
the levitator and makes it therefore difficult to achieve. Furthermore the particles
need do be dissolved before measuring the water content which leads to particle
destruction. Another sensitive method to determine residual water content is the
thermo-gravimetric analysis of a sample. However also this method is destructive
so that further investigations on the dried particles would not be possible.
Assuming that the residual humidity in a particle can be calculated from the amount
of water lost during drying by subtracting it from the initial water amount in the
droplet, a hygrometer should be applied for the measurements. Therefore a dew-
point hygrometer with a chilled mirror technology was used. This kind of hygrometer
is very sensitive to humidity for a wide temperature range. A description of the dew-
point hygrometer used for the experiments in this work can be found in Chapter
3.2.6.
For the air humidity measurements during drying a hermetically sealed drying cham-
ber is necessary to account for the total water amount evaporating during the drying
process. For transportation of the humid air to the sensor of the hygrometer an air-
stream is necessary. Hence two orifices were integrated into the case so that the
drying air-stream generated by the controlled evaporation mixer can pass through
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the case, enriched with water and be measured at the outlet orifice of the case.
4.2.1 Design of a hermetically sealed case
The acrylic glass chamber described previously for the drying experiments cannot
be used for humidity measurements as the acrylic glass walls are screwed together
and are not airtight. Therefore a new case has to be constructed. The transducer
as well as the reflector posses central holes which can be used for air in- and outlet.
The case volume should be as small as possible to achieve high air humidity during
drying. Therefore the new acrylic glass case should be built around the reflector and
transducer including as few parts of the fixture as possible. On the front side of the
case a hole for droplet injection was made. This hole was fixed with a tape band
immediately after each droplet injection. Figure 4.29 shows the case construction.
Figure 4.29: Setup of a hermetically sealed levitation chamber to enable mea-
suring water content in drying air.
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First a cylindrically shaped case was constructed with an inner diameter of 34 mm
corresponding to the diameter of the transducer case. The translation between
the transducer and the acrylic case was made using a rubber tube which allowed
to move the transducer in the vertical direction. The other side of the case was
sealed by the reflector by pressing a rubber ring in between (Figure 4.30a). Two
problems occurred during the first drying experiments in the small cylindrical case.
First, the acrylic glass thickness of 5 mm and the curvature of the case caused a
slight blurriness of the droplet picture made by the CCD-camera and thus made it
impossible to determine the initial droplet volume from the droplet shadow. The
second problem was that the small case diameter caused a reflection of the acoustic
sound waves from the walls which impacted the droplet stability. One sample of the
deformation of the levitated droplet is shown in Figure 4.31b. The picture of the
droplet made without a case (Figure 4.31a) is sharply delineated and shows an
a) b)
Figure 4.30: Hermetically sealed acrylic glass chambers for measuring the wa-
ter content in drying air. a) Cylindric acrylic glass chamber and b) cuboid
acrylic glass chamber.
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ellipsoid shape of the droplet. The shadow of the droplet in the cylindric case (Figure
4.31b) is however indistinct and the shape is strongly deformed. For improvement
of droplet stability and sharpness of the droplet a cuboid case with a diameter of
42 mm and a wall thickness of 4 mm was constructed (see Figure 4.30b). As shown
in Figure 4.31c the droplet stability was now improved in the cuboid case and the
sharpness of the picture increased.
a) b) c)
Figure 4.31: Shadow pictures of levitated water droplets at low SPL a) with-
out drying case, b) with a droplet in a cylindric case of acrylic glass with a
thickness of 5 mm, c) with a cuboid case with a wall thickness of 4 mm.
4.2.2 Determination of moisture content in drying air
Constant air stream of fixed temperature and low relative humidity was generated in
the controlled evaporation mixer device and fed through a FEP (fluorinated ethy-
lene propylene) tube into the drying chamber. The air enriched with water left
the chamber through an orifice in the transducer and was passed through another
FEP tube to the hygrometer where the temperature and humidity of the outlet
air were determined. Before droplet insertion, the system was equilibrated for one
hour to a selected temperature and low relative humidity. Figure 4.32 represents
one measurement of a drying droplet. As soon as the measured air temperature
and relative humidity achieved constant values the experiment was started with a
droplet injection. In Figure 4.32 the black solid line shows the water content and the
black dashed line the air outlet temperature, both measured continuously. With the
droplet injection the measurement of the droplet surface temperature was started
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by the IR-camera (grey dashed line) and the record of the droplet area by the CCD-
camera for calculation of the droplet volume (black dotted line). Immediately after
injection the water content in outlet air increased strongly until after approximately
24 sec the maximum of water content of 3.27 g/m3 was reached. The value was held
for a few seconds until the water content started do decrease. A view at the surface
temperature curve of the droplet shows a strong decrease in temperature immedi-
ately after injection accompanied by a strong decrease in droplet volume. Due to
low air humidity, high drying temperature and large surface of the droplet at the
beginning of the drying process, the initial water evaporation is strong. As soon as
the water content in air reached 3.27 g/m3 (corresponding to 4.89% relative humidity
at 43 °C) and the droplet surface temperature reached its minimum value of 24.5 °C,
the evaporation from the drop surface started to decelerate and the water content in
outlet air decreased strongly in the next 60 sec (Marek and Straub, 2001; Abramzon
and Sirignano, 1989).
Figure 4.32: Drying kinetics of a droplet at Tda= 45 °C and rhda =1.5 %.
115
Chapter 4 Results and Discussion
The droplet surface temperature of 24.5 °C in this measurement is close to the
value reported by Wulsten and Lee (2008) where the surface temperature of water
droplets showed 20 °C at 40 °C drying air temperature and 1 % relative humidity.
The droplet volume shows a constant decrease in the first 90 sec and starts to
decelerate approximately at the same time as the turning point of water content
in air can be found. From this time point on (at ~780 sec) the gradient of the
water content curve is lowered and reaches the initial value of 0.9 g/m3 after ~ 600
sec of drying. At this time the droplet volume must have reached zero, although
it was not measurable from the time point on where the volume reached 0.1µl.
Also the surface temperature could be determined exactly only for the first 300
sec. Afterwards the drop size was to small for exact temperature measurements
manifested in the increasing values of the surface temperature.
The air humidity measurement is a useful tool for investigation on drying kinetics,
especially in the first part of the drying process. But it cannot be used for the
determination of the end of the drying process as the drying process is finished
before the water content in outlet air reaches its original value. Thus the end of
the drying process cannot be found in the parameters determined by the dew point
hygrometer.
4.2.3 Calculation of evaporated water amount
Another aim of the air humidity measurements with the dew-point hygrometer was
to investigate if the residual water content in dried particles can be determined by
comparing the evaporated water amount with the starting water amount brought
into the system by injecting one droplet. In a simplified case a water droplet is
brought into the drying chamber evaporating completely and the starting volume of
the droplet can be measured entirely in the drying air as its water content during
the drying process.
For the determination of the water amount evaporated from the droplet during
116
4.2 Determination of moisture content in drying air and in dried particles
drying, the area under the curve of the water content measurement needs to be
calculated. The inlet drying air contains a certain amount of water. This should
be considered by setting the lowest value of the curve which corresponds to the air
humidity before droplet injection as baseline. The calculated area under the curve
value as shown in Figure 4.33 has the unit “g·sec/m3”. For the determination of the
total water amount this AUC value has to be multiplied with the air stream through
the chamber, in this case =1 ln/min. The result is the total water amount detected
in the outlet air during the drying process. In this case the calculated volume
from the dew-point hygrometer measurement which was injected into the chamber
is Vdph = 3.97µl. Comparison of this value to the initial droplet volume determined
from the CCD-camera picture (VCCD = 1.57µl) shows a notable difference between
both methods.
Figure 4.34 shows further measurements performed with the dew-point hygrometer.
Figure 4.33: Determination of AUC value of the water content measurement
during droplet drying at Tda = 45°C, rhda=1.5%, vda= 1ln/min.
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Drying air AUC
[g·sec/m3]
vdph [µl] vCCD [µl]
Temperature
[°C]
Relative
humidity
[%]
Stream
[ln/min]
20 1 0.5 282.64 2.36 1.60
20 1 0.5 224.78 1.87 1.71
20 1 0.5 315.58 2.63 1.39
45 1 1.75 121.03 3.53 1.63
45 1.5 1 238.02 3.97 1.57
45 1.5 1 142.92 2.38 1.47
45 1.5 1 127.75 2.13 0.71
60 1 0.5 395.78 3.30 1.75
60 1 0.5 270.60 2.26 1.58
60 14 0.5 231.15 1.93 1.75
Table 4.9: Droplet volume determination from the measured water content by
the use of a dew-point hygrometer and droplet volume determined by the use
of a CCD camera recording determined at different drying conditions.
The calculated droplet volumes from these data and the droplet volumes calculated
from the CCD camera measurements are presented in Table 4.9. The measurements
were performed at different temperatures, different air stream velocities and different
air humidities to find out whether the drying conditions have an impact on the
exactness of the measurements. Figure 4.34a shows a curve progression at 20 °C
where the drying process is much slower than at 60°C which is shown in Figure
4.34c. The water content values measured at 60 °C also achieve much higher values
at the beginning than at 20 °C drying temperature.
The values presented in Table 4.9 show no good agreement between the volume
determined by the CCD camera and the dew-point hygrometer. Nevertheless a clear
signal of water content in air could be measured at all chosen drying conditions.
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a)
b)
c)
Figure 4.34: Water content measurements by using a dew point hygrometer.
a) at Tda = 20°C, rhda=1% and vda=0.5ln/min b) Tda = 45°C, rhda=1.5%
and vda=1ln/min. c) Tda = 60°C, rhda=1% and vda=0.5ln/min.
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Reasons for the deviations in the droplet volumes are various. For example, a
leakage of the drying chamber can be one reason for the strong volume deviations.
The injection process must be improved. As shown in previous measurements, in
particular at the beginning of the drying process where the drop surface is large
and the drying air unsaturated, a strong evaporation rate occurs. The measuring
process and the closing of the chamber immediately after injection can be improved
to achieve more precise results. Another factor is the CEM system which may cause
fluctuations in air stream velocities if not checked continually. Also the adsorption
at surfaces like the drying chamber and the long connection line between the drying
chamber and the dew-point hygrometer can be a reason for volume deviations. This
was taken into account by using a long equilibration time before the measurements,
but due to increasing air humidity during drying an additional adsorption at surfaces
might take place. Although in this case the determined droplet volume was larger
than the reference value.
In conclusion one can state that the dew point hygrometer measurements can be
a good supplement for analysing the drying kinetics of droplets in the acoustic
levitator. For the calculation of the residual water content in a dried particle the
system as used in these experiments needs modification. The deviation of droplet
volume calculated from the air humidity measurements is too strong and needs to
be improved.
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4.3 Studies on the drying behaviour of levitated
polymer latex dispersion droplets
Polymer latex dispersions find manifold applications. In this study the focus is on
polymer latex dispersions used as coatings of oral solid formulations of pharma-
ceuticals. The polymers can be applied dissolved in organic solvents or dispersed
as nanoparticles in aqueous media (Lecomte et al., 2004; Ghebre-Sellassie, 1994).
Much research has been done before on drying of latices and formation of polymer
films on substrate surfaces (Felton, 2013; Siepamnn and Siepmann, 2013; Nakagami
et al., 1991). The drying rate during film formation on surfaces was commonly de-
termined by gravimetric methods (Erkselius et al., 2008; Chen et al., 2011). This
technique approximates the specific conditions of coatings on solid surfaces used
in experiments. The influence of coated cores on the polymer film formation was
demonstrated in various works (Wu and McGinity, 2001; Schuman et al., 2004;
Kucera et al., 2013). Also the drying behaviour of the polymer dispersion can be in-
fluenced by the different coated surfaces. The objective of the following experiments
was therefore to find an alternative technique to investigate the film formation of
latex dispersions without any influence of core substances and to demonstrate the
suitability of acoustic levitation for determination of drying rates. Therefore two
polymer latex dispersions with different properties were observed.
Besides the parameters named in Section 3.2.1, the levitator set-up allows the calcu-
lation of momentary evaporation rate during drying. The following Section is about
the drying kinetics of polymer latices dried below and above the MFT of the sub-
stances in the acoustic levitator. Therefore three different drying air temperatures
(60 °C, 40 °C and 25 °C) and 3 concentrations of each polymer latex dispersion were
observed.
One polymer latex dispersion is poly(ethyl acrylate-co-methyl methacrylate), further
referred to as Eudragit® NE 30 D. The polymer has a low Tg-value resulting in a
low MFT of approximately 5 °C. The second polymer chosen for the experiments is
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ethyl cellulose, further referred to as Aquacoat® ECD. It has a high Tg-value and
also a MFT of ≥ 70 °C (see Section 3.1.2).
The drying air temperature was chosen to allow the investigation of drying below
the MFT of Aquacoat® and above the MFT of the Eudragit® NE 30 D dispersion.
Furthermore experiments were performed where the MFT of Aquacoat® ECD was
reduced by addition of a plasticizer. For all experiments the relative air humidity
was held constantly at rhda = 1 %. The drop/particle surface temperature, Ts,
and the size of the droplet/particle were measured in 5 sec intervals throughout the
drying process. The aspect ratio of the droplet and the momentary evaporation
rate were calculated from the measured droplet size values. The evaporation rate is
given per unit area of the droplet (µg/sec/mm2). Therefore any effect of decreasing
surface area of the levitated droplet on the evaporation rate is fully taken in
Figure 4.35: Density particle size distribution (q3) of Eudragitr NE 30 D and
Aquacoatr latex dispersions determined by photon correlation spectroscopy.
account. Each plot shown in this Section is the average of at least three repli-
cate individual experiments (unless explicitly stated). The reproducibility of the
experiments is demonstrated by the shaded regions which represent plus/minus one
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standard deviation. After drying the particles were removed from the levitator and
their morphology was examined by scanning electron microscopy (SEM) (Section
3.2.3).
Both latex dispersions were characterized using a Zetasizer SZ (Malvern Instru-
ments, Malvern, UK) to determine the size distribution of the polymer nanoparticles
in the dispersions. The Z-average value was calculated from the volume density dis-
tribution, q3. Eudragitr NE 30 D particles show a size of 103 nm and the Aquacoatr
particles show an average size of 190 nm (see Figure 4.35). Both dispersions show a
narrow particle size distribution while the size distribution of Aquacoat particle is
slightly wider.
4.3.1 Drying kinetics of water
For a better understanding of the influence of the latices on the drying parameters,
these were measured for pure water droplets. Figure 4.36 a shows the drying plot
of water droplets dried at Tda =60 °C, rhda = 1 % and at vda = 1 ln/min.
The Ts value shows an almost parallel progression to the x-axis with a slight increase
of the slope up to 300 sec (see Section 2.2.1). The effect of a slight temperature
increase during drying of levitated droplets results from droplet warming within
the sound pressure field and has been observed before (Tuckermann et al., 2005).
After 300 sec the Ts value starts to increase strongly. This temperature increase is
an artefact occurring for droplets those volume becomes vanishingly small. Then
the focusing point of the IR camera is changing (Figure 4.36b), as the droplet is
shrinking. Close to the end of the drying process, just before the droplet disappears
(Figure 4.36c), the focus point of the camera is positioned in front of the strongly
shrunk droplet and also the size of the remaining drop is too small for accurate
temperature detection. This leads to a Ts value which is higher than the effective
drop surface temperature. This impreciseness occurring at the end of the drying
process of water droplets is not relevant for the drying process of particles as these
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a)
b)
c)
Figure 4.36: a) Drying behaviour of water droplets at Tda =60°C, rhda = 1%,
vda = 1ln/min (n=6). b) and c) Infrared recordings of a water droplet b) at
the beginning after 10 sec and c) at the end after 800 sec of the drying process.
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are much larger at the end of the drying process and allow therefore an accurate
measurement of the surface temperature.
The aspect ratio of the water droplet increases slightly in the first 500 sec/mm2
from 1.25 to 1.55. At the end of the drying process the Bo number is decreasing
(see Section 2.1.2), as the aspect ratio decreases against 1.00 as the deforming axial
force, Fax (see Section 2.1.2), is decreasing and the surface tension starts to dominate
the droplet form.
The momentary evaporation rate (µg/sec/mm2) was calculated between two con-
secutive time points from the differential ∆m(t)/∆t which was then divided by the
average droplet surface area at the two time points (Keil and Lee, 2016). The calcu-
lated evaporation rate of water droplets for Tda= 60 °C increased slightly resulting
from the increasing Ts during the drying process.
4.3.2 Drying kinetics of poly-acrylate latex dispersions
Different starting volume fractions of the dispersed phase, φint were used for the
experiments. The highest volume fraction resulted from the original dispersion with
φint = 0.3. This dispersion was diluted to φint = 0.1 and φint = 0.03 and used
for the drying experiments. The measurements were performed at Tda = 60 °C,
Tda = 40 °C, or at Tda = 25 °C.
The drying process of solution droplets consists of two phases. The first phase,
also called “constant-rate period”, shows a constant evaporation rate of water. The
second phase, the “falling-rate period”, shows a decrease of the evaporation rate.
Both phases are separated by a critical point, Cp. A detailed description of the
drying process is given in Section 2.2.2.
Polymer nanoparticles dispersed in a solvent are able to influence the drying process
as these nanoparticles move together while water is evaporating and form a film on
the surface. The mechanism of film formation from latex dispersions was intensively
observed in the last 70 years but still gives reason to discussions. The review of
125
Chapter 4 Results and Discussion
Steward et al. (2000) summarizes and discusses different hypotheses about the film
formation from latex dispersions. Ma et al. (2005) gives a good visualisation of the
behaviour of nanoparticles in latices during drying. The focus of this Subsection is
on the influence of different concentrations and Tda−values on the drying kinetics
of Eudragit NE latex dispersion.
Drying temperature 60 °C
The total drying times of droplets with different φint last between 575 and 700
sec/mm2 and differ therefore only slightly despite high concentration differences (see
Figure 4.37 a-c). While the drying process of droplets with the lowest solid fraction
φint=0.03 takes 650 sec/mm2, the drying time of droplets with φint=0.1 is shorter (575
sec/mm2). The droplets with the highest solid fraction, φint=0.3, show the highest
drying time (≥ 700 sec/mm2). These droplets contain the lowest water amount.
All φint show during the first drying phase similar Ts values which increase slightly
with time. Their initial value of 28 °C does not differ from the Ts value of a pure
water droplet measured at the same drying conditions (see Subsection 4.3.1). This
initial value is yet higher than the wet bulb temperature, Twb = 22.6 °C at 60 °C
determined from a psychrometric chart. This and the slight temperature increase
during drying result from the droplet warming within the sound pressure field (Wul-
sten and Lee, 2008).
The sharp increase of Ts in the second drying phase is shifted to longer times for
lower φint. While the Ts of the highest φint plot starts to increase strongly after
250 sec/mm2, the plots of lower solid fractions show later onsets of a steep Ts
increase ( t
r(0)2=450 sec/mm
2 at φint=0.1 and tr(0)2=500 sec/mm
2 at φint=0.03).
Furthermore, the Ts curve of φint=0.3 is significantly flatter than the curves of the
lower φint and approaches only slowly to the Tda value. The reason for the flatter
Ts development and thus a resulting prolonged drying time of the particle is a thick
polymer crust which is formed early in the drying process. This crust results from
126
4.3 Studies on the drying behaviour of levitated polymer latex dispersion droplets
a)
b)
c)
Figure 4.37: a) Drying behaviour of different φint of Eudragitr NE 30 D
dispersion droplets at Tda =60°C, rhda = 1%, vda = 1ln/min. a) φint = 0.3,
Vint = 1.70µl, n=5, b) φint = 0.1, Vint = 1.85µl, n=6, c) φint = 0.03, Vint =
1.66µl, n=3.
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the higher solid fraction and is assumed to hinder the water diffusion from the inside
of the particle to the surface. As shown by Ma et al. (2005) the latex particles start
to deform at the surface as soon as water evaporated, squeezing any remaining water
out. This leads to a prolonged drying process as water from the core of the particle
has to diffuse to the surface through this tight layer.
Further information about the drying process is provided from the measurements of
the aspect ratio of the droplet/particle and hence the droplet/particle shape. The
initial aspect ratio is larger than unity for both the latex dispersion droplets (Figure
4.37) and water droplets (Figure 4.36 a). This results from the levitation forces
described in Section 2.1.2 which cause a deformation of the levitated droplet to an
oblate spheroid (Trinh and Hsu, 1986). During the second phase of drying of latex
dispersion droplets, the aspect ratio starts to increase as the particles become even
more oblate. This change in shape is stronger with diluted dispersions (Figure 4.37
c). It is attributed to the polymer films´ lower mechanical strength derived from
the lower φint values which lead to thinner crusts. This effect is also clearly seen
in the SEM pictures of representative particles removed from the levitator chamber
after drying (Figure 4.38 a, c, e).
The plot of φint = 0.3 shows that the aspect ratio value starts to increase after 200
sec/mm2. This signifies that here the first coherent polymer film of the non-diluted
dispersion was formed. This determination corresponds with the starting increase
in Ts at the same time and is therefore identified as being the Cp. The preceding
decline in drying rate (t/r(0)2 = 160sec/mm2) starts before a coherent polymer film
has been formed at the droplet surface. This can be explained by an aggregation
of the latex nanoparticles to small aggregates which are not large enough to form a
coherent surface film but large enough to reduce the evaporation rate by hindering
the diffusion of water molecules to the surface.
The level of the evaporation rate before the turning point (maximum of the curve)
depends on the φint. Dispersions with low φint values show higher evaporation rates
(0.6-1.1 µg/sec/mm2) while the evaporation rates of droplets with φint = 0.3 are be-
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tween 0.4-0.6 µg/sec/mm2. The values determined with the diluted dispersions are
very close to that obtained with pure water, i.e. 0.6-0.9 µg/sec/mm2 at φint = 0.0.
This means that the presence of the polymer nanoparticles with volume fractions
higher than φint > 0.03 reduces measurably the drying rate compared to pure water.
This contradicts the description of Vanderhoff et al. (1973), who stated that the
a) b)
c) d)
e) f)
Figure 4.38: SEM pictures of Eudragit® NE 30 D aqueous dispersion particles
dried from different solid mass fractions at Tda=60 °C. a) φint = 0.3, 40 x
magnification, b) φint = 0.3, 100 x magnification, c) φint = 0.1, 40 x magni-
fication, d) φint = 0.1, 55 x magnification, e) φint = 0.03, 40 x magnification
and f) φint = 0.03, 200 x magnification.
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drying rate of latex dispersions was not affected by φint up to 0.6-0.75 when measured
from weight loss on a substrate surface. Also Chen et al. (2011) found that latex
nanoparticles had no influence on initial drying rate of droplets on a substrate when
measured gravimetrically. Both publications stated that the presence of nanopar-
ticles below φint = 0.6 - 0.7 does not inhibit drying rate as the Brownian motion
of the nanoparticles in the vicinity of the dispersion/gas interface is uninhibited in
these low concentrations. The results found in this work, however, show that the
evaporation rate is influenced by the φint in the range between 0.3 and 0.03. It is
assumed that the presence of the dispersed nanoparticles hinders both the diffusion
of water molecules to the liquid/gas interface and their subsequent transition to the
vapour phase.
The Cp of the undiluted dispersion can be identified at t/r(0)2= 250 sec/mm2 by
the combination of the aspect ratio and Ts data (Figure 4.37 a). The preceding
decline in drying rate is a result of incipient aggregation of the high concentration
of nanoparticles present at this time point of drying, i.e. φint>0.3. The Cp of
φint = 0.03 dispersion (Figure 4.37 c), can be found at t/r(0)2 = 550 sec/mm2 and
is localized by the combination of drying rate and Ts data. The low concentration
of nanoparticles for the strongly diluted dispersion at this time point, hinders the
early aggregation of the nanoparticles during drying and produces an interfacial film
whose density is initially low.
With increasing dilution factor of the latex dispersions the Cp is shifter to later times.
This means that the constant rate period is prolonged while the falling-rate period
is shortened. During the falling-rate period the evaporation rate is decreasing slowly
for the φint=0.3 drops while the evaporation rate of the lower concentrated drops
is decreasing steeply after the Cp is reached (see Figure 4.37 b+c). The reason
is that droplets of φint=0.3 formed a thick crust which is a barrier for the water
molecules inside the particle and decelerates the drying process. The droplets with
lower φint values have a thin film which has only little influence on the evaporation
rate thus the drying process is shorter and reaches early the time point where few
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water remains inside the particle. Thus the falling rate period is strongly shortened
for droplets with small φint values.
The Ts values of all observed φint reach at the end of the drying process the Tda
value, which is with 55-60 °C far above the MFT of Eudragit® NE 30D. Hence a
fusion of the nanoparticles is assured and can be proved by the SEM pictures of the
final particles removed after drying from the levitation chamber. Figures 4.38 b, d,
f show cross sections through the dried particles, which show a uniform fused mass
and prove that no individual polymer nanoparticles are present.
φint Contraction rate [µm/sec]
0.3 1.39 ± 0.141
0.1 1.41 ± 0.036
0.03 1.48 ± 0.069
Average 1.42 ± 0.092
Table 4.10: Contraction rate of droplets until Cp at Tda =60 °C. The values
are calculated from the change in surface-equivalent sphere radius, r(t), with
time. Values are mean average ± standard deviation (n=5).
The contraction rate of the droplets until Cp was calculated from the measured
values of r(t). These values are shown in Table 4.10. For φint between 0.3 and
0.03 the contraction rate does not change significantly. Kiil (2006) stated that the
constant-rate period ends when the polymer volume concentration reaches that of
a hexagonal closest packing of spheres. Thus the polymer volume concentration at
the start of the falling-rate period should have a value of 0.74 (Eckersley and Rudin,
1994; Vanderhoff et al., 1973). The measured results in this work contradict this
hypothesis. For φint=0.3 the Cp can be found after 200 sec/mm2. This corresponds
to a volume concentration of 0.55 of the latex dispersion of an average initial drop
volume of 1.697 µl. The concentration of 0.74 will be reached after 465 sec/mm2
using the given conditions. More likely is the assumption that a gradient of latex
particles is formed inside the particle. This hypothesis is also confirmed by the
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particle shape as the SEM pictures of the particles reveal that the particles were
hollow inside before collapsing (see Figure 4.38).
Figure 4.39: Schematic representation of particle formation of levitated Eu-
dragit® NE 30 D dispersion droplet.
This observation leads to another interesting issue: the particle formation during
drying of latex dispersions. Figure 4.39 shows a schematic representation of parti-
cle formation during drying of latex dispersions at temperatures above the MFT.
“A” represents a droplet immediately after starting of the drying process. The la-
tex nanoparticles are uniformly distributed in the droplet. “B” shows the droplet
during the first section of the constant-rate period where the size of the droplet
is decreased and consequently the concentration of the nanoparticles is increasing.
The sedimentation rate with approximately 9x10−4 nm/sec is negligible (Z-average
diameter=103 nm, density=1.15 kg/l) as the Brownian molecular movement and
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the diffusion of the nanoparticles maintain an uniform nanoparticle distribution in
the droplet. With further shrinkage of the droplet the latex particles start to aggre-
gate (“C”). These aggregates lead to a reduction in evaporation rate as described
above but have yet no impact on the aspect ratio and the Ts. With further dry-
ing the Cp is reached where the nanoparticles form a coherent polymer film at the
liquid/gas interface (“D”). The action of gravity will pull the top surface of this
solid film downwards as water is continuously lost from the droplet/particles core
(“E”). This procedure is called buckling and invagination of latex-dispersions and
can be explained in part by competitive bending and stretching deformations of the
coherent polymer film during drying (Boulogne et al., 2013). This buckling effect
is enabled by a hollow core inside the particle which results from diffusion of water
molecules inside the particle through the walls to the surface of the particle. These
water molecules transport simultaneously the dispersed nanoparticles to the walls
of the particle (“F”). Finally a donut-shaped particle as shown in “G” is formed.
Droplets with low φint form flat particles(Figure 4.38 e), while particles with higher
solid content are voluminous (Figure 4.38 a).
Drying temperature 40 °C
The drying plots at Tda = 40 °C resemble the plots measured at Tda = 60 °C. The
Ts curves show the same effect as the curves in the previous Subsection (Figure 4.40
a-c). At the beginning of the drying process the Ts is constant showing a slight
increase. Depending on the φint a steep increase of Ts occurs earlier for higher
volume fractions while for lower volume fractions the Ts increase is delayed. The
slope of the steep Ts increase for φint = 0.3 shows a similar development to the
curve measured at 60 °C. These curves are flatter than the curves measured with
lower concentrated dispersions. The Ts value in the constant-rate period for all φint
is approximately 27 °C. This is higher than the wet bulb temperature from the
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a)
b)
c)
Figure 4.40: a) Drying behaviour of different φint of Eudragitr NE 30 D
dispersion droplets at Tda =40°C, rhda = 1%, vda =∼ 1ln/min. a) φint = 0.3,
Vint = 2.19µl, n=4, b) φint = 0.1, Vint = 1.94µl, n=5, c) φint = 0.03, Vint =
2.17µl, n=3.
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psychrometric chart (Twb =15.4 °C) but is below the value determined at Tda =
60 °C. As already mentioned in the previous Subsection the slight increase in drop
surface temperature at the beginning is caused by the sound pressure field in the
acoustic levitator chamber.
Considering the aspect ratio of the droplets, no significant difference to the results
a) b)
c) d)
e) f)
Figure 4.41: SEM pictures of Eudragit® NE 30 D aqueous dispersion parti-
cles dried from different solid mass fractions at Tda=40 °C. a) φint = 0.3, 40
x magnification, b) φint = 0.3, 75 x magnification, c) φint = 0.1, 40 x magni-
fication, d) φint = 0.1, 100 x magnification, e) φint = 0.03, 40 x magnification
and f) φint = 0.03, 10.00 x magnification.
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measured at Tda = 60 °C can be found. The Cp can be detected the most exact for
the φint = 0.3 plot where the Ts and the aspect ratio curve start to increase at the
same time (Cp = 50 sec/mm2).
A contradiction to the 60 °C plots can be found regarding the evaporation rate and
thus also the time points of the Cp . The evaporation rates at Tda =40 °C are higher
than the values achieved at Tda =60 °C. The reason for this discrepancy is a higher
velocity of the drying air (vda ~ 2-3 ln/min) which was used for the experiments
performed at Tda= 40 °C. Nevertheless comparison between the different Tda =40
°C plots shows that the evaporation rates are higher for lower φint. A similar outcome
was already detected for the Tda= 60 °C plots.
All particles were dried far above the MFT of Eudragitr NE 30 D, thus a coherent
film was formed and no individual nanoparticles can be detected. Figures 4.41 show
SEM pictures of intact particles (a, c, e) and inter-sections of particles (b, d, f) dried
in the acoustic levitator. The whole particles posses a donut-like shape especially
for higher φint, while the lower φint particles are flatter. The intersection picture
of φint=0.1 shows that the particle has a hollow space inside which confirms the
drying process described schematically in Figure 4.39. In Figure 4.41 f the cut side
of the particle is shown. The rough surface results from the rubber-like texture of
the dried particles which also tend to stick to surfaces at room temperature that
makes it difficult to cut or break the particles.
Drying temperature 25 °C
Plots of drying experiments performed at Tda = 25 °C are shown in Figure 4.42 a-c.
The drying time at Tda = 25 °C is clearly prolonged and in this case φint= 0.3 shows
the shortest drying time although also in this plot the temperature increase is not
as steep as for smaller φint. The initial value of Ts is for all φint approximately 17
°C. As well as already detected for higher drying temperatures this value is higher
than the Twb = 8.8 °C proposed for 25 °C. The aspect ratio values are similar to
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a)
b)
c)
Figure 4.42: a) Drying behaviour of different φint of Eudragitr NE 30 D
dispersion droplets at Tda =25°C, rhda = 1%, vda = 1ln/min. a) φint = 0.3,
Vint = 1.99µl, n=4, b) φint = 0.1, Vint = 2.20µl, n=5, c) φint = 0.03, Vint =
1.60µl, n=4.
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those measured at higher Tda. The evaporation rate is below 0.6 µg/sec/mm2 for all
φint dried at Tda = 25 °C. Only the time point where the decrease of the evaporation
rate begins is shifted to longer times for lower φint.
The slower drying of particles dried at Tda =25 °C has no impact on the particle
formation of the Eudragitr NE 30 D aqueous dispersion droplets. As shown in
a) b)
c) d)
e) f)
Figure 4.43: SEM pictures of Eudragit® NE 30 D aqueous dispersion particles
dried from different solid mass fractions at Tda=25 °C. a) φint = 0.3, 50 x
magnification, b) φint = 0.3, 100 x magnification, c) φint = 0.1, 50 x magnifi-
cation, d) φint = 0.1, 300 x magnification, e) φint = 0.03, 40 x magnification
and f) φint = 0.03, 10.00 x magnification.
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Figure 4.43 a, c and e the particles posses similar morphologies as the particles
dried at Tda =60 °C or 40 °C. The contraction rates given in Figure 4.11 are slightly
smaller than those measured at Tda =60 °C. The reason is the lower heat transfer
per time towards the droplet which reduces the evaporation rate and thus prolongs
the total drying time.
With a drying air temperature of 25 °C and a final particle surface temperature of
approximately 25 °C the particles are dried above the MFT of Eudragit NE latex
particles. Therefore a film formation is assured and can also be seen in Figure 4.43
b, d, and f. Especially Figure 4.43 f which shows a fracture area and demonstrates a
continuous film. Furthermore it can be seen that the surface of the particles is much
smoother than the fracture areas are. On the one hand this can be explained by the
sticky characteristic of Eudragit NE at room temperature, which made it hard to
break the particles, on the other hand the smooth surface might be caused by
φint Contraction rate [µm/sec]
0.3 1.36 ± 0.118
0.1 1.10 ± 0.133
0.03 1.28 ± 0.044
Average 1.25 ± 0.154
Table 4.11: Contraction rate of droplets until Cp at Tda =25 °C. The values
are calculated from the change in surface-equivalent sphere radius, r(t), with
time. Values are mean average ± standard deviation (n=5).
the surfactant contained in the Eudragitr NE 30 D aqueous dispersion. Due to the
characteristic of surfactants to accumulate on surfaces it seems reasonable that the
surfactant concentration on the particle surface is increased (Croll, 1987). While
Ma et al. (2005) found single particle shaped surfaces above merged polymer layers,
in this experiment all observed Eudragit NE particles showed smooth surfaces. The
film formation during drying of the particles was also visually observed. While
the Eudragit NE droplets looked white at the beginning of the drying process, the
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particles became clear during drying. This effect of increasing film transparency
during drying and reverse turbidity after re-wetting was also observed by Feng and
Winnik (1997).
4.3.3 Drying kinetics of ethylcellulose latex dispersions
In contrast to Eudragit NE latex particles, ethylcellulose latex particles require
much higher temperatures to start film formation. The MFT of ethylcellulose can
be found ≥ 70 °C. The acoustic levitator construction used in this work permits
drying up to Tda = 60 °C. Therefore all experiments were performed below the
MFT of the original and diluted ethylcellulose latex dispersions. Differences in the
drying plots are expected between the previously described Eudragit NE droplet
drying experiments and the Aquacoatr ECD drying experiments as no coalescence of
ethylcellulose nanoparticles and therefore no coherent films can be produced during
drying of the Aquacoat droplets.
Drying temperature 60 °C
A difference between the drying plots of Aquacoat droplets and the plots of Eudragit
droplets is obvious. While all Eudragit plots show a single-step change during drying
which occurred at the Cp of the drying process, most Aquacoat plots show a two-
step change in the drying process regarding the aspect ratio and the Ts development
(Figure 4.44 a-c). The first-step change starts for all φint at t/r(0)2 = 100 - 150
sec/mm2. The time point of the second step change depends on φint. While for
φint = 0.3 the change set in at t/r(0)2= 325 sec/mm2 for φint = 0.03 the second-
step change was located much later at t/r(0)2 = 625 sec/mm2. For φint = 0.1 the
second-step change can be found at t/r(0)2 = 550 sec/mm2.
The initial values of aspect ratio before the first-step change are approximately 1.5
at Tda = 60 °C. These values are higher than those determined for Eudragit latex
dispersion and for water droplets which were approximately 1.2 at similar drying
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a)
b)
c)
Figure 4.44: a) Drying behaviour of different φint of Aquacoatr ECD dispersion
droplets at Tda =60°C, rhda = 1%, vda = 1ln/min. a) φint = 0.3, Vint =
1.59µl, n=3, b) φint = 0.1, Vint = 1.83µl, n=5, c) φint = 0.03, Vint = 1.75µl,
n=5.
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conditions (Figures 4.47 a-c and 4.49 a-c). This effect was only detected at drying
plots of Tda = 60 °C. Two possible explanations may have caused the higher initial
aspect ratio of the droplets: the stronger activity of the surfactant contained in the
Aquacoat formulation at higher drying temperatures or the slightly higher SPL (SPL
~4 instead of 3.5) used to stabilize the droplets in the acoustic field. Therefore the
effect of the surfactants on the surface tension of the dispersions was investigated
(see Figure 4.45 and Table 4.12).
The concentration of surfactants contained in the Aquacoat dispersion is up to 1.3
% sodium dodecylsulphate and 2.4 % cetylalcohol. This is much higher than the
concentration of the macromolecular nonoxynol 100 with up to 1.5 % in the Eudragit
dispersions. The surface tensions were determined for both latex dispersions with
different solid fractions and at different temperatures. It is obvious that the surface
tension of Aquacoat is for all φint values lower than of Eudragit latex dispersions.
But the lower droplet/gas interfacial tension of Aquacoat dispersion has no impact
on the aspect ratio of the drops in these experiments. As will be shown for lower
temperatures the aspect ratio there is similar to those values achieved with Eudragit
droplets or water. The statement of Trinh and Hsu (1986) that lower surface ten-
sion produces stronger droplet deformation and therefore flatter droplets at a similar
sound pressure level cannot be confirmed for the surfactants and their concentrations
used in the observed formulations. To exclude the possibility that the deformation
of the droplets was caused due to higher temperature of the droplets and therefore
a stronger decrease in surface tension resulted, the surface tension of the dispersions
was determined at different liquid temperatures. Figure 4.45 shows that the temper-
ature effect on the surface tension is marginal especially in the Aquacoat dispersion.
The reason for higher initial aspect ratio values measured at Tda = 60 °C must be
the slightly higher SPL, which was necessary to stabilize the Aquacoat droplets in
the acoustic field.
After approximately 100 sec/mm2 plots of all φint dried at 60 °C show a simultaneous
increase in aspect ratio and Ts. Reason for the increase in surface temperature must
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be a substance which accumulates at the surface forming a skin at the surface of the
droplet. The simultaneous increase in aspect ratio proves that this skin must still
be flexible as the particle is flattening and shrinking without loosing its even shape.
Figure 4.45: Surface tension of different solid fractions of latex dispersions
determined at different temperatures (n=3).
It is assumed the surfactant molecules accumulate at the surface of the droplets
forming a thin skin at the surface. The unchanged evaporation rate at this first-step
change shows that this skin is not dense enough to affect the drying rate at Tda =
60 °C. The increase in Ts at unchanged drying rate is attributed to the lower heat
capacity of the surfactant and the latex nanoparticles accumulated at the droplet/gas
interface. The breaking edge of a particle shown in Figure 4.46 a proves that the
surface of the dried particle is covered by a smooth but porous film. Considering the
characteristics of the surfactants used in both formulations, one can assume that the
surfactants used in Aquacoat may crystallize at the surface (see Table 4.13). This
is not expected for nonoxynol 100 which is used in the Eudragit formulation. It is
supposed that this film on Aquacoat droplets consists of the surfactants contained
in the formulation (Zhao et al., 1987).
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Substance φint Surface tension [mN/m]
25 °C 28 °C 60 °C
Aquacoat® ECD
0.3 25.0 ±0.9 24.7 ±1.5 23.1 ±1.0
0.1 29.9 ±0.4 32.0 ±1.0 28.8 ±0.4
0.05 32.0 ±0.0 27.6 ±0.8 31.6 ±0.4
0.01 33.1 ±0.5 33.9 ±1.3 39.3 ±1.4
Eudragit® NE
0.3 49.9 ±0.5 49.5 ±0.5 37.7 ±0.0
0.1 55.6 ±0.7 55.3 ±0.7 40.4 ±1.6
0.05 56.5 ±0.7 56.2 ±0.7 49.8 ±0.6
0.005 58.7 ±0.0 57.3 ±1.4 53.3 ±1.3
Table 4.12: Surface tensions of latex dispersions determined according to Sec-
tion 3.2.5 (n=3).
Considering the aspect ratio during the total drying process one can see that the
φint = 0.3 plot shows a one-step change while the plots from diluted dispersions show
a two-step change during the drying process. For the undiluted droplets the aspect
ratio increases continuously after the first-step change which signifies a constant
flattening of the droplet / particle. The aspect ratio of the diluted droplets is
decreasing after reaching a local maximum during the first-step change. Due to
lower solid content of the diluted dispersions the dried particles are much smaller
and have a thinner crust than the particles from the undiluted dispersions. This
allows the particles from the diluted dispersions to change the shape during drying
without rupture of the dry crust. Therefore the lowest aspect ratio value was reached
in the plots of the lowest φint dispersions.
Once the collapsing of the particle begins at the top of the particle, the aspect
ratio starts to increase again. At this time point the motion of the nanoparticles is
reduced as most of the solvent is evaporated and the crust is too thick and dense
to be rearranged. Many particles broke at this time point and dropped out of the
standing acoustic wave.
The evaporation rate is lower with higher φint due to stronger hindrance of the
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Substance Melting point
[°C]
Appearance Solubility in
water
Sodium
dodecylsulphate
204 white or
cream-coloured solid
150 g/l
(20 °C)
Cetylalcohol 49.3 white crystals or
flaces
insoluble
Nonoxynol 100 6 almost colourless
liquid
0.522 mg/l
(25 °C)
Table 4.13: Characteristics of surfactants used in Aquacoat and Eudragit latex
dispersions (Source: https://pubchem.ncbi.nlm.nih.gov/search/; last request
08. November 2018).
a) b)
Figure 4.46: SEM pictures of Aquacoat® ECD aqueous dispersion particles
dried from different solid mass fractions at Tda=60 °C. a) φint = 0.03, 7 000
x magnification and b) φint = 0.1, 500 x magnification.
evaporation / diffusion through a thicker film. The droplets from diluted dispersions
show long periods of constant evaporation rate followed by short falling rate periods.
The plot of the undiluted dispersion shows one short phase where the evaporation
rate increases slightly and starts then to decrease, first slowly then stronger until
the end of the drying process is reached. This indicates a stronger hindrance of
water evaporation through a thicker crust formed by initially higher concentrated
droplets.
The Ts of the particles shows a constant phase after the early first-step change
was reached. The curves show another step change where the Ts increases steeply
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until the Tda value is reached. This initial increase occurs later for stronger diluted
dispersions resulting from higher water content. This simultaneous change in both
parameters indicates that at this time point the Cp of the drying process is located.
Also the aspect ratio increases steeply for diluted dispersion at approximately this
time also indicating the Cp. The aspect ratio of φint = 0.3 remains unchanged due
to stronger mechanical stability of the particles´ crust.
At the time as the Cp is reached and just before the Ts starts to increase steeply,
the surface temperature of the particle drops sharply for a few degrees. This phe-
nomenon was observed in all Aquacoat dispersion plots and at all drying temper-
atures. Some plots show a reduced decrease, resulting from averaging of various
curves of different droplet sizes where the decrease occurs at different times. This
unexpected decrease in surface temperature will be discussed later in this Chapter.
An insight into a dried particle (Figure 4.46 a) reveals that the nanoparticles are
not fused completely after the drying process. This is also shown by the strong
brittleness of those particles demonstrated in Figure 4.46 b.
Drying temperature 40 °C
The drying plots of Aquacoat dispersions detected at Tda = 40 °C resemble much
those measured at Tda = 60 °C. The aspect ratio and the Ts plots (see Figure 4.47
a-c), both show a two-step change similar to the plots achieved at Tda = 60 °C. The
first-step change occurs at t/r(0)2= 200 sec/mm2 for φint = 0.3 and at t/r(0)2= 300
sec/mm2 for φint = 0.1 and 0.03. However this later onset (compared to plots at Tda
= 60 °C) results from lower temperature impact reducing the speed of accumulation
and crystallisation of surfactant at the surface.
The second step change appears after 700 sec/mm2 for φint = 0.3, after 1,250
sec/mm2 for φint = 0.1 and after 1,200 sec/mm2 for φint = 0.03. The smaller tem-
poral distance between both diluted dispersions was already detected for the drying
plots measured at Tda = 60 °C. It demonstrates that the first dilution step has a
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a)
b)
c)
Figure 4.47: a) Drying behaviour of different φint of Aquacoatr ECD dispersion
droplets at Tda =40°C, rhda = 1%, vda = 1ln/min. a) φint = 0.3, Vint =
1.41µl, n=3, b) φint = 0.1, Vint = 1.36µl, n=3, c) φint = 0.03, Vint = 1.78µl,
n=3.
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stronger effect on the drying process than further dilution of the dispersion. The
total drying process lasts longer at Tda = 40 °C compared to the drying times
achieved at Tda = 60 °C resulting from the decreased evaporation rates at lower
drying temperatures (Section 2.2.1).
The initial aspect ratio of the droplets is between 1.2 and 1.25, which corresponds
to the values determined for the Eudragit droplets and water droplets. During the
accumulation of surfactant the aspect ratio values increase, however not as strong
as for dispersions dried at Tda = 60 °C. The aspect ratio of particles from φint = 0.3
showed no remarkable changes during drying.
The initial evaporation rate of approximately 0.3 - 0.4 µg/sec/mm2 increases in
the first 200 sec/mm2. In contrast to the results achieved at Tda = 60 °C, here the
decrease of evaporation rate sets in before the first-step change. The decrease of the
evaporation rate proceeds simultaneously with the increase in Ts passing over to a
long phase of constant progression. This constant rate period lasts ~400 sec/mm2
for φint = 0.3 and between 650 - 700 sec/mm2 for the diluted dispersions. Compared
to the total drying time this is the longer drying phase. The constant rate periods
measured at Tda = 60 °C were shorter than those measured at Tda = 40 °C due to
lower heat influx from the drying air. But all showed extended periods for diluted
dispersions resulting from higher water content.
During the last 300 sec/mm2 of drying the aspect ratio increases again reaching its
final value which is higher for lower φint. The particles, as already mentioned for the
particles dried at Tda = 60 °C are very brittle and usually hollow inside (Figure 4.48
b+d). Figure 4.48 a shows one part of a particle, which was broken after drying.
It shows a smooth surface covering unmerged latex particles inside. The unmerged
latex particles are even better illustrated in Figure 4.48 c while the strong brittleness
of the particles is demonstrated in Figure 4.48 b.
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a) b)
c) d)
Figure 4.48: SEM pictures of Aquacoat® ECD aqueous dispersion particles
dried from different solid mass fractions at a) Tda=40 °C, φint = 0.3, 5,000
x magnification, b) Tda=40 °C, φint = 0.1, 100 x magnification, c) Tda=40
°C, φint = 0.3, 15,000 x magnification and d) Tda=40 °C, φint = 0.3, 100 x
magnification.
Drying temperature 25 °C
Also the drying plots from experiments performed at Tda = 25 °C show a two-step
change as can be seen in Figures 4.49 a-c. The start of the first-step change can be
found between 250 and 450 sec/mm2. By comparing the time periods of the different
drying periods at different Tda one can see that the duration of the first phase (until
the first Ts increase sets in) is very similar to the values achieved at higher drying
temperatures. The next period is strongly prolonged for lower drying temperatures
and higher dilution factors. Table 4.14 gives an overview over the duration of the
drying phases and the total drying times achieved at different drying temperatures
and for different φint. The second-step change can be found for φint = 0.3 after
~1,250 sec/mm2. The change is not as clearly defined as for the diluted dispersions
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a)
b)
c)
Figure 4.49: a) Drying behaviour of different φint of Aquacoatr ECD dispersion
droplets at Tda =25°C, rhda = 1%, vda = 1ln/min. a) φint = 0.3, Vint =
1.47µl, n=4, b) φint = 0.1, Vint = 2.58µl, n=3, c) φint = 0.03, Vint = 1.57µl,
n=3.
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as in this case the curve curse is much smoother.
The initial aspect ratio value is 1.25 for all φint. In contrast to previously described
drying plots (Tda > 25 °C) the aspect ratio curves show here different behaviour.
While at higher Tda the particles of the diluted dispersions resulted flatter than
Tda
[°C]
φint
[-]
Pre-constant
rate
[mm/sec2]
Constant rate
[mm/sec2]
Falling rate
[mm/sec2]
Total drying
time
[mm/sec2]
0.3 125 200 125 450
60 0.1 150 400 130 680
0.03 150 450 150 780
0.3 300 400 300 1,000
40 0.1 550 700 150 1,400
0.03 550 650 200 1,400
0.3 500 750 550 1,800
25 0.1 700 2,550 150 3,400
0.03 750 3,000 250 4,000
Table 4.14: Time periods of different drying phases and total drying times for
different positions for different φint at different Tda.
particles of undiluted dispersion. Here the aspect ratio of the diluted dispersion is
smaller indicating spherical particles. The highest aspect ratio of 1.75 was measured
for φint = 0.3 while the highest value measured for φint = 0.03 was 1.39. A view on
the SEM pictures of the dried particles provides an explanation to this discrepancy
(Figures 4.50 a-d). While the undiluted particle in Figure 4.50 a shows a similar
shape as the particles produced at higher drying temperatures, particles of the
strongly diluted dispersion dried at Tda = 25 °C (Figure 4.50 c+d) are not as flat as
the particles achieved from droplets at higher drying temperatures. These are folded
up to a more spherical shape. This final shape explains the discrepancy in aspect
ratio values during the drying process. Starting with a low aspect ratio value as the
droplet is almost spherical at the beginning, the droplet is flattening as a crust is
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formed at the surface resulting in an increasing aspect ratio (Figure 4.49 c, between
500 - 750 sec/mm2). With further drying the particle is folding up until the final
shape as e. g. shown in Figure 4.50 c+d is formed. At the same time the aspect
ratio is decreasing as the horizontal radius of the particle is decreasing while the
vertical radius is increasing (for calculation of aspect ratio see Equation: 3.3). This
shape change explains the decreasing aspect ratio during the falling rate period of
the drying process and the resulting smaller value.
a) b)
c) d)
Figure 4.50: SEM pictures of Aquacoat® ECD aqueous dispersion particles
dried from different solid mass fractions at a) Tda=25 °C, φint = 0.3, 50
x magnification, b) Tda=25 °C, φint = 0.1, 50 x magnification, c) Tda=25
°C, φint = 0.03, 40 x magnification and d) Tda=25 °C, φint = 0.03, 40 x
magnification.
Drying of ethylcellulose dispersions with reduced MFT
The preceding drying experiments with Aquacoatr ECD were all performed at dry-
ing temperatures below the MFT. For droplet drying above the MFT of ethylcel-
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lulose dispersions the drying temperature has to be raised above 70 °C. This was
not possible in the drying chamber construction. Thus the MFT of the dispersion
was lowered by adding a plasticizer. For the experiments discussed in this Section
triethylcitrate (TEC) was used as plasticizer in a concentration of 3 % (m/m; in
dispersion) to lower the MFT of the latex (McGinity, 1989; Guo et al., 1993).
The change of Tg was measured by the use of DSC (see Section 3.2.4). Before each
measurement the samples were dried in aluminium crucibles at room temperature
to weight constancy. The second heating phase of both materials is shown in Figure
4.51. The Tg of ethylcellulose can be found between 75 and 80 °C. The sample with
plasticized ethylcellulose shows two Tg zones. One can be found between 30 and 40
°C and another at the same temperature as for the pure ethylcellulose sample. It can
be concluded that the added TEC was deposited between the EC molecules lowering
the Tg partly while part of the material remained unchanged and maintained its Tg
(Bodmeier and Paeratakul, 1997).
Figure 4.51: Thermal behaviour of dried ethylcellulose latex and dried ethyl-
cellulose latex containing triethylcitrate.
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For determination of drying kinetics of ethylcellulose latex dispersion below MFT an
aqueous dispersion of φint = 0.13 containing 3 % TEC (m/m) and 10 % Aquacoatr
ECD (m/m) was dried at different drying air temperatures (25 °C, 40 °C and 60 °C).
Figures 4.52 a-c show the drying plots of the dispersion at different Tda. All plots
show a two-step change in the aspect ratio and Ts curve as it was already seen for
the pure Aquacoat dispersion. Again a short pre-constant rate phase is preceding
the constant rate period and followed by a rather long falling rate period.
At Tda = 25 and 60 °C the first phase is hardly detectable. In both plots the
temperature is steeply increasing as soon as the droplet was brought into the drying
chamber. At Tda = 40 °C the temperature curve starts to increase after a short
equilibration time of approx. 175 sec/mm2. The aspect ratio is increasing slightly in
the first seconds of drying, decreases then again marginally until an increase during
the second step change sets in. The initial value of aspect ratio is for higher drying
air temperatures with about 1.25 same as for other Aquacoat latex dispersions and
slightly higher for droplets dried at Tda = 25 °C (1.35). During the second step
change the aspect ratio is increasing strongly indicating flattening of the droplet.
Although different Tda settings were used, all three plots show in the first minutes of
drying a steep increase in surface temperature of about 12 °C followed by a constant
progression of Ts until the second-step change sets in. The steepness of the second-
step change of Ts depends strongly on the drying air temperature. For lower Tda
values the curve progression is smoother than for higher Tda.
Also the initial value of the evaporation rate depends strongly on the Tda value as
for Tda = 60 °C it is 0.5 µg/sec/mm2, for Tda = 40 °C it is 0.4 µg/sec/mm2, and
for Tda = 25 °C it is 0.3 µg/sec/mm. Respectively this is the highest value reached
during the drying process as the evaporation rate is decreasing with time. This
incident is distinct to the plots determined for Aquacoat latex dispersions dried
below the MFT where the evaporation rate increases during the pre-constant rate
period. Nevertheless this pre-constant rate period is similar to the phase identified
for Aquacoat dispersions without plasticizer and which was not found in the plots
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a)
b)
c)
Figure 4.52: Drying behaviour of droplets containing Aquacoatr ECD 10 %
(m/m) and TEC 3 % (m/m). The plots show drying kinetics at rhda = 1%,
vda = 1ln/min and different Tda. a) Tda = 60 °C, Vint = 1.88µl, n=5, b) Tda =
40 °C, Vint = 1.79µl, n=5 and c) Tda =25 °C, Vint = 1.92µl, n=3.
155
Chapter 4 Results and Discussion
of Eudragit dispersions. This strengthens the assumption that this phase is caused
by the surfactant contained in the Aquacoat formulation.
The phase of constant rate drying follows this period after the first 200-400 sec/mm2
of decrease in evaporation rate. At the same time as the Ts passes into the constant
phase the evaporation rate shows also an almost constant progression. For Tda = 60
°C after 400 sec/mm2, for Tda = 40 °C after 600 - 1000 sec/mm2 and for Tda = 25°C
after 1000 sec/mm2 the Ts start to increase and the evaporation rate starts to
decrease. During this phase the thin skin formed before begins to thicken and
hindering the water to permeate to the surface and evaporate. The end of the
constant rate period coincides with the start of the second increase of Ts. At the
same time the aspect ratio starts to increase (for Tda = 40 °C and 25 °C) and the
evaporation rate to decrease until the final values are reached. This point, where all
three parameters start to change, was already identified before as the Cp. The Cp
of the plots of plasticized ethylcellulose dispersions are more difficult to locate than
the Cp of ethylcellulose dispersions dried below the MFT, where the values showed
a steep increase. Here the curves are much smoother indicating lower evaporation
rates and thus slower drying. This results from the changed structure of the particles
as for drying above the MFT the nanoparticles start to merge during drying and
forming a coherent film which hinders further evaporation of water and produces
Tda
[°C]
Pre-constant
rate
[mm/sec2]
Constant rate
[mm/sec2]
Falling rate
[mm/sec2]
Total drying
time
[mm/sec2]
60 240 310 550 1,100
40 260 540 1200 2,000
25 260 740 4500 5,500
Table 4.15: Time periods of different drying phases and total drying times for
different positions at different Tda for EC latex dispersion with plasticizer.
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a) b)
c) d)
e) f)
Figure 4.53: SEM pictures of Aquacoat® ECD with TEC as plasticizer. a)
Particle was dried at Tda=60 °C, 80 x magnification b) Tda=60 °C, 5,000 x
magnification, c) Tda=40 °C, 100 x magnification, d) Tda=40 °C, 10,000 x
magnification, e) Tda=25 °C, 80 x magnification, and Tda=25 °C, 6,000 x
magnification.
smoother drying plots with prolonged drying times (see Table 4.15).
Figures 4.53 a-f show SEM pictures of particles dried above the MFT of ethylcellulose
plasticized with TEC. In Figure 4.53 b, d and f strongly magnified excerpts from the
inside of the particles are shown. All three pictures show a melted mass which is not
completely consolidated but contain cavities and the former spherical shape of the
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nanoparticles can still be identified. Although there is a strong difference between
the drying temperature of 60 °C and 25 °C, in these SEM pictures no difference can
be found as all three pictures show melted and coalesced particles. But comparing
the pictures of these particles with SEM pictures made from Eudragit particles a
difference is obvious. This might result from the incomplete plasticizing of the EC
nanoparticles by TEC. This incomplete plasticizing was shown in Figure 4.51 where
after addition of TEC the dispersion shows two Tg values. Looking now at Figures
4.53 a, c and e, which show large parts of dried particles, a difference between the
particles dried at different Tda can be detected. While the particle dried at Tda =
60 °C shows rubber-like characteristics (see Figure 4.53 a abort edge), the particle
in Figure c, which was dried at Tda = 40 °C shows brittle layers on the broken side.
Figure 4.53 e shows a particle dried at Tda = 25 °C. This particle shows also a brittle
edge revealing that a large part of the nano-particles was not merged during drying.
This was already expected as the particles dried at Tda = 25 °C were dried close to
the MFT. Therefore it can be assumed that these particles consist of not completely
merged nanoparticles and show a similar brittleness as particles dried far below the
MFT.
Furthermore the drying plots show characteristic behaviour. While Eudragit latex
dispersion showed a one step change during drying the Aquacoat latex plots showed
a two-step change. This was also maintained during drying above the lowered MFT.
One characteristic was missed in all drying plots of Aquacoat latex particles with
lowered MFT. This incident is described and investigated in the next Section.
4.3.4 Temperature decrease during drying
In contrast to Eudragit drying plots, the plots of Aquacoat droplets dried below the
MFT all showed a steep Ts decrease during the second-step change immediately be-
fore the Ts value reached the Tda value. This temperature decrease was not detected
for Aquacoat droplets dried above their MFT. Consequently it can be assumed that
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this short and sharp surface temperature decrease results from drying below the
MFT where no coherent film is formed from the latex particles. For exclusion of
an impact from other excipients contained in the formulation, the drying process of
pure surfactant contained in Aquacoatr EDC, was observed. Figure 4.55 a shows
a) b)
Figure 4.54: SEM pictures of glycine particles dried from φint = 0.15 aqueous
solution at Tda=60 °C, 45 x magnification, b) 45 x magnification.
the drying plot of an aqueous solution of 1.3 % (m/m) sodium dodecylsulphate and
2.4 % (m/m) cetylalcohol which are both contained as surfactants in Aquacoatr
ECD dispersion in the used concentration. The plot shows a drying process con-
sisting of three drying phases: the pre-constant rate period (0 - 250 sec/mm2), the
constant rate period (250 - 700 sec/mm2) and the falling rate period (700 - 2,000
sec/mm2). The pre-constant rate period of this plot resembles strongly the period
detected for Aquacoat dispersions. Thus it can be proved that this period is influ-
enced by the surfactants contained in the Aquacoat dispersion. But the drying of
levitated surfactant droplets showed no sudden temperature decrease at the Cp and
short before the end of drying.
Therefore another experiment was performed with sodium chloride solution (φint =
0.1) dried at Tda = 40 °C and glycine solution (φint = 0.15) dried at Tda = 60 °C. The
aim was to observe the drying kinetics of further substances which crystallize during
drying. Figure 4.55 b shows the drying plot resulting from drying of sodium chloride
solution droplets and Figure 4.55 c the drying plot of glycine solution droplets dried
in the acoustic levitator.
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a)
b)
c)
Figure 4.55: Drying behaviour of droplets at rhda = 1%, vda = 1ln/min from
solution of a) 1.3 % (m/m) sodium dodecylsulphate and 2.4 % (m/m) cety-
lalcohol Vint = 1.62µl, n=4 dried at Tda =40°C, b) 10 % (m/m) sodium chlo-
ride Vint = 2.01µl, n=2, dried at Tda =40°C, and c) 15 % (m/m) glycine,
Vint = 1.80µl, n=4, dried at Tda =60°C.160
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Both crystalline substances show two drying phases in the levitator. The plots
show an increase in Ts late in the drying process almost simultaneous with the
start of increase of aspect ratio and the inset of decrease of evaporation rate. A
visual observation during drying of the levitated sodium chloride droplets showed
visible crystal growth between 710 - 760 sec/mm2 - immediately after the small Ts
increase between 500 and 700 sec/mm2. This temperature change can be explained
by crystallisation of sodium chloride at the surface of the droplet by forming a thin
crust of crystals, these are not yet detectable by eye but increase already the value
of the surface temperature. A similar effect but less pronounced was detected for
glycine droplets. With growing of the crystals the morphology of the drop changes
and water gets to the surface cooling slightly down the drop surface. At this time
also the crystals start to get visible and the spherical shape gets more oblate resulting
in increasing aspect ratio value. The crystallisation of sodium chloride and glycine
showed only slight changes in Ts during drying, not explaining the steep temperature
decrease detected during drying of Aquacoat latex droplets below MFT.
It is assumed that the steep and short drop of Ts is caused by water which was
encapsulated inside the particle and was hindered to get to the surface. This encap-
sulated water finally finds a fast way to reach the surface of the particle, possibly by
forming pores. Such pores can be seen on SEM pictures of particles surrounded by
darker spots identifying humidity (See Figure 4.56). As soon as the water reaches
the surface it starts to evaporate, increasing again the evaporation rate, which is
not showed in the plot as it is calculated from the particles size which is at this
time point rigid due to the thick shell formed from the nanoparticles. The increased
water evaporation leads to a surface cooling of the particle. This cooling is detected
by the IR camera. Figure 4.56 a shows a SEM picture of a cross section through an
Aquacoat particle dried at Tda = 60 °C. The picture shows merged nanoparticles
forming a porous structure inside the particle which might allow water to get to
the surface to evaporate. Figures 4.56 b-d show SEM pictures of smooth surfaces
of Aquacoat particles. The encircled spots show pores in the smooth surface. Some
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spots are surrounded by dark shadows. These shadows are artefacts resulting from
humidity that remained in the particles and that was visualized by SEM recording.
These pictures show the pores through which the water gets from the inside of the
particles to the surface reducing the surface temperature.
a) b)
c) d)
Figure 4.56: SEM pictures of Aquacoat® ECD dried particles. a) φint = 0.3,
Tda= 60 °C, 10,000x magnification b) φint = 0.3, Tda= 40 °C, 25,000x magn.,
c) φint = 0.3, Tda= 40 °C, 5,000x magn., d) φint = 0.1, Tda= 25 °C, 13,750x
magn.
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This work focused on the extension of application fields of acoustic levitation by
investigating the combination of analytical methods: size exclusion chromatography
(SEC), light scattering, Raman spectroscopy and moisture measurements. Further-
more, this work represents the feasibility of the acoustic levitation to study the
drying kinetics of polymer latex dispersions.
The first part of this work aimed to expand the work of Lorenzen and Lee (2012),
who investigated enzyme inactivation during drying of levitated micro-droplets by
measuring the residual activity of the enzymes using enzymatic assays. In this work
the aim was to determine an analytical technique to investigate protein inactivation
during drying applicable to proteins where an enzymatic assay cannot be performed.
Therefore two methods, SEC in combination with UV-Vis, light scattering and re-
fractive index and Raman spectroscopy, both suitable for protein analysis, were
used for investigating protein inactivation during drying of acoustically levitated
micro-droplets.
SEC combined with UV-Vis, light scattering and refractive index detection was
used to measure the amounts of soluble aggregates and for size determination of
the molecules after drying of protein micro-droplets in the acoustic levitator. The
droplets were withdrawn from the drying chamber at different times and were anal-
ysed by the use of SEC with the above named detectors to determine the content of
dissolved monomer and aggregates of the protein. Different proteins were analysed
which had to meet the demands of high water solubility and strong inactivation on
thermal stress. β-galactosidase from A. oryzae and IgG from human serum were
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investigated first. β-galactosidase showed insufficient thermal inactivation during
drying of micro-droplets to continue the drying experiments with intermediate dry-
ing times. IgG showed a loss of monomer molecules of approximately 33% dur-
ing drying of micro-droplets, but the differentiation of dimers and trimers formed
during drying was very difficult due to similar retention times. Experiments with
L-glutamic dehydrogenase (GDH) type I from bovine liver showed strong loss of
soluble native molecules during drying of micro-droplets. Thus this protein which
consists of six monomers in its native state was chosen for further detailed exper-
iments. The results presented in this thesis show that before reaching the critical
point of the drying process of droplets, basically no loss of the native protein could
be detected. After crossing of the critical point, the concentration decreases steeply
until shortly after the surface temperature of the particle reached the drying air
temperature the loss of the hexameric molecules terminates. This observation is in
good agreement with the results published by Lorenzen and Lee (2012) where the
residual activity of GDH was measured during drying of micro-droplets. This study
furthermore demonstrates that the formation of insoluble aggregates of GDH occurs
fast. Thus the intermediate state of GDH where the native molecule dissociates to
trimers and later to monomers (Rooki et al., 2007; Fukushima et al., 1985) before
unfolding and formation of large insoluble aggregates, lasts only for a short time.
Even though in this study the results are demonstrated for only one protein, these
correlate very well with the results presented by Lorenzen and Lee (2012), indicat-
ing that the acoustic levitation can be well combined with the SEC+UV-Vis/LS/RI
system to determine the formation of insoluble aggregates of proteins during the
drying process (Keil et al., 2018).
Another analytical method to determine protein inactivation is Raman spectroscopy
which can be used to determine secondary structure changes of proteins. It was the
aim of this work to discover if Raman spectroscopy can be implemented into the
drying process of levitated droplets to detect in-situ changes in the secondary struc-
ture of proteins in solution. Raman spectroscopy was already used in combination
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with acoustic levitation by Tuckermann et al. (2009) and by Radnik et al. (2011).
While Tuckermann et al. (2009) observed evaporation, crystallization and acid-base
reactions of small molecule solutions and Radnik et al. (2011) studied drying pro-
cesses of inorganic complex oxides, this work focuses on a new process to observe
structural changes of secondary structures of proteins in levitated droplets. The
challenge of this project was to establish a set-up and a measuring process which
allow the measurement of the Raman spectra throughout the whole drying process
during which the droplet decreases (focusing point changes), changes its position
due to weight loss, of which the concentration increases and where solid structures
are formed at the surface. The installation and measuring conditions used to achieve
spectroscopic results during the whole drying process of droplets are described. So-
lutions of two different proteins were used for the experiments. While lysozyme from
chicken egg white is a small molecule with a high amount of α−helix structure, IgG
from human serum is a large molecule and posses less α− helical structure. It was
shown that during drying of droplets the continuously detected Raman spectrum
showed changes in the Amide I band. This change revealed a decrease of α−helical
structure and a simultaneous increase of the β− sheet structure in the molecules of
lysozyme. Although IgG molecules have a low ratio of α−helix in their native state,
it was possible to detect changes in the Raman spectra during the drying process,
indicating changes occurring in the secondary structure of IgG during the drying
process. Therefore it was shown that Raman spectroscopy is a suitable tool to get
a detailed insight into the structural changes of proteins during drying of levitated
droplets.
The question about the residual humidity in the dried particles was then considered.
This matter is crucial to be resolved in regards of dried protein particles, where the
residual humidity influences the protein structure and therefore the stability and
solubility of the molecules. A response to this question is also expected to shed light
on the current drying kinetics of acoustically levitated droplets. The drying process
is not finished as soon as the particle surface reaches the value of the drying air
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temperature. It is not clear if and how much humidity is still contained inside the
particles at this time point. Due to different material properties and morphologies
of the particles, the residual humidity might vary strongly in the particles. The
knowledge about the residual humidity and the water loss during drying of the
droplets / particles is expected to give further insight into the drying kinetics of
different substances. Most generic methods used for moisture determination in solids
are not sensitive enough to measure the residual humidity in one dried micro-droplet.
Furthermore a method to detect water evaporation during the drying process would
give insight into the drying kinetics. Thus one part of this work deals with a method
to install a device which allows the measurement of the air humidity throughout the
whole drying process. A dew-point hygrometer with a sensitivity of 0.1 ◦Cdp at
temperatures between 20 and 90 °C and relative humidity between < 0.5 - 100 %
was chosen for the humidity measurements during drying of acoustically levitated
droplets. Therefore a sealed drying chamber was constructed with two orifices to
enable an air stream through the chamber. Through one orifice the drying air was
induced into the chamber and at the other the air humidity could be determined as
the air stream was conducted to the sensor of the hygrometer. The experiments were
performed at different drying conditions and a difference in air humidity progression
at different drying temperatures could have been detected. But the droplet volumes
calculated from the hygrometer measurements were all larger than the volumes
calculated from the measured droplet size by the CCD-Camera. One reason for
this discrepancy might be the injection process during which additional humidity
was brought into the chamber and thus to the detector. The start measuring process
and the closing of the drying chamber immediately after injection can be improved
to achieve more precise results. Finally the dew-point hygrometer measurements can
be a good supplement for analysing the drying kinetics of droplets in the acoustic
levitator. For the calculation of the residual water content in a dried particle, the
system as used in this work needs modification.
The last part of this work deals with drying kinetics of polymer latex dispersions.
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The objective of this project was to investigate the use of the acoustic levitation to
detect differences between drying kinetics of polymer latex dispersions which dried
below and above the minimum film formation temperature (MFT). Therefore a poly-
acrylate latex dispersion with a low MFT-value (~ 5 °C) and an ethylcellulose latex
dispersion with a high MFT-value (~ 81 °C) were chosen for the experiments. Both
dispersions contained furthermore different surfactants in different concentrations.
It has been shown that this difference also had an influence on the drying kinetics of
the droplets leading to a two-step drying process of the ethylcellulose dispersion and
a one-step drying process of poly-acrylate dispersions. This difference was shown
for all drying temperatures and all concentrations of the dispersions which were
investigated in this work. It is assumed that the first step is caused by surfactant
accumulation at the surface of the droplet and the second step corresponds to the
critical point between the two drying phases. Furthermore, differences in the dry-
ing kinetics were detected for different concentrations of the dispersions dried above
the MFT. It was shown that higher concentrated droplets showed smoother curve
progressions than lower concentrated droplets. No difference in the curve progres-
sion could have been detected for different concentrations of latex dispersions which
were dried below the MFT. This finding results from the film formation from the
poly-acrylate latex particles which inhibits further evaporation of water by forming a
barrier at the surface of the droplet during the drying process. As the latex particles
of ethylcellulose did not coalesce during drying, water evaporated still until the end
of the drying process, visualized by a steeper curve progression. This explanation is
proven by the curve progression achieved with ethylcellulose latex dispersion where
the MFT-value was lowered by addition of a plasticizer. The drying kinetics of plas-
ticized ethylcellulose latex dispersions still showed a two-step drying progression but
the second step is much smoother than without plasticizer. After drying, pictures
of the particles were made with the scanning electron microscope. This permitted
further insight into the drying process of latex dispersions by illustrating the state
of the latex particles in the dried particle, the surface structure and the morphol-
167
Chapter 5 Conclusions
ogy of the dried particle. In this project some examples are discussed which show
how drying kinetics can be influenced by film formation of latex dispersions, how
drying plots look like in absence of film formation and how substances dissolved or
dispersed may have an impact on the particle formation and thus also on the drying
kinetics of droplets (Keil and Lee, 2016). Furthermore, different effects of crystalline
substances were detected and analysed.
The results presented in this work contribute to expand the capabilities of acoustic
levitation. But there is still space for further investigations. Future work could
therefore evaluate methods in regards to determine the residual water content in
the dried particles and to establish a method detecting in-situ the evaporation of
water from the droplet surface. A promising method seems to be tunable diode laser
absorption spectroscopy (TDLAS) which is capable to determine the concentration
of water or of other solvents by measuring the absorbance of the substance in very low
concentrations (Lackner, 2007; Druy, 2006). Additionally, both analytical methods
presented in this work (SEC+detectors; Raman spectroscopy) might be used to
investigate further proteins to approve the results presented in this work.
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Der Fokus dieser Arbeit lag auf der Ausweitung des Anwendungsbereiches der akusti-
schen Levitation. Dazu wurden analytische Methoden wie Größenausschlusschroma-
tographie (SEC), Lichtstreuung, Raman-Spektroskopie sowie Feuchtigkeitsmessun-
gen mit der akustischen Levitation kombiniert und ihre Anwendbarkeit untersucht.
Außerdem wurde die Eignung der akustischen Levitation für die Untersuchung der
Trocknungskinetik von Polymerdispersionen analysiert.
Im ersten Teil dieser Arbeit geht es darum, die von Lorenzen and Lee (2012) präsen-
tierten Ergebnisse auszubauen. Lorenzen and Lee (2012) untersuchten die Inaktivie-
rung von Enzymen während der Trocknung von levitierten Tropfen und bestimmten
die Restaktivität des Enzyms mithilfe von enzymatischen Assays. Nun sollte eine
Methode etabliert werden, die auch auf Proteine, die keine enzymatische Aktivität
aufweisen, anwendbar ist. Dazu wurden zwei Methoden genauer untersucht: SEC
in Kombination mit UV-Vis, Lichtstreuung (LS) und Brechungsindex (RI) und die
Raman Spektroskopie. Beide Methoden werden bereits routinemäßig in der Prote-
inanalytik zur Untersuchung der Proteininaktivierung eingesetzt.
SEC kombiniert mit UV-Vis, LS und RI wurde verwendet um die Menge und Mo-
lekülgröße der in Lösung gegangenen Aggregate und Monomer nach der Trock-
nung von Mikro-Tropfen im akustischen Levitator zu bestimmen. Hierfür wurden
einzelne Tropfen zu verschiedenen Zeitpunkten aus der Trocknungskammer ent-
nommen, aufgelöst und mithilfe der SEC und der oben genannten Detektoren der
Gehalt der gelösten Monomere und Aggregate des Proteins bestimmt. Proteine,
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die für die Untersuchungen ausgewählt wurden, mussten gut wasserlöslich sein so-
wie empfindlich auf Temperaturveränderungen reagieren. Dazu wurden zuerst β-
Galactosidase aus A. oryzae und IgG aus humanem Serum untersucht. Während
der ersten Trocknungsversuche von Tropfen mit β-Galactosidase zeigte sich, dass
das Enzym nicht ausreichend inaktiviert wurde um weitere Versuche mit kürze-
ren Trocknungszeiten durchzuführen. IgG zeigte zwar einen Verlust von 33 % der
Monomer-Moleküle in getrockneten Partikeln, aber die Auftrennung der Dimere
und Trimere, die während der Trocknung gebildet wurden, war aufgrund ähnlicher
Retentionszeiten nicht ausreichend um quantitative Aussagen zu treffen. Untersu-
chungen mit L-Glutamatdehydrogenase Typ I aus der Rinderleber (GDH) zeigten
während der durchgeführten Trocknungsversuche einen hohen Verlust der löslichen
nativen Molekülen. Aus diesem Grund wurde GDH, das sich im nativen Zustand aus
sechs Monomeren zu einem Hexamer zusammensetzt, für weitere Untersuchungen
herangezogen. Die in dieser Arbeit präsentierten Ergebnisse zeigen, dass bevor der
kritische Punkt der Trocknung erreicht wird, im Wesentlichen kein Verlust des nati-
ven Proteins detektiert werden konnte. Nach Überschreitung des kritischen Punktes,
sank die Konzentration des nativen Proteins rapide ab, bis sie kurz nach Angleichen
der Oberflächentemperatur des Partikels an die Temperatur der Trocknungsluft sta-
gnierte. Diese Beobachtung zeigt eine gute Übereinstimmung mit den Ergebnissen
der enzymatischen Aktivitätsmessung von GDH, die von Lorenzen and Lee (2012)
veröffentlicht wurden. Es konnte weiterhin gezeigt werden, dass die Bildung un-
löslicher Aggregate rasch erfolgt, sodass das Zwischenstadium, in dem das native
Hexamer zuerst in Trimere und dann in Monomere dissoziiert (Rooki et al., 2007;
Fukushima et al., 1985), nur für sehr kurze Zeit andauert und die Moleküle sich
dann entfalten und zu großen unlöslichen Aggregaten zusammenlagern. Obwohl die
Ergebnisse dieser Arbeit nur anhand eines Proteins untersucht wurden, ist die Über-
einstimmung mit den Resultaten von Lorenzen and Lee (2012) sehr gut. Dies lässt
darauf schließen, dass die Kombination akustischer Levitation mit SEC + UV-Vis /
LS / RI geeignet ist, um die Bildung unlöslicher Aggregate während der Trocknung
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von Proteinlösungen zu untersuchen (Keil et al., 2018).
Raman Spektroskopie ist eine weitere analytische Methode, mit der man Verän-
derungen in der Sekundärstruktur von Proteinmolekülen untersuchen kann. Eine
weitere Zielsetzung dieser Arbeit war die Untersuchung, ob die Raman Spektro-
skopie dazu geeignet ist, Veränderungen in der Sekundärstruktur der Proteine am
levitierten Tropfen während der Trocknung zu detektieren. Tuckermann et al. (2009)
und später Radnik et al. (2011) kombinierten bereits akustische Levitation mit Ra-
man Spektroskopie. Dabei untersuchten Tuckermann et al. (2009) die Verdampfung,
Kristallisation und Säure-Base-Reaktionen von Lösungen kleiner Moleküle. Radnik
et al. (2011) erforschten mit dieser Kombination die Trocknungsprozesse von an-
organischen Komplex-Oxiden. Das Ziel dieses Projektes ist einen neuen Prozess zu
etablieren, der es ermöglicht strukturelle Veränderungen in der Sekundärstruktur
von Proteinen während der Trocknung von levitierten Proteinlösung-Tropfen zu be-
obachten. Die Herausforderung hierbei besteht darin, dass das untersuchte Teilchen
sich mit der Zeit verändert: Es wird kleiner (Fokuspunktanpassung), es verändert
seine Position, es konzentriert sich auf und bildet mit der Zeit an der Oberfläche fes-
te Strukturen aus. Diese Arbeit zeigt einen geeigneten Aufbau der Messinstrumente
und Messbedingungen auf , die verwendet wurden um spektroskopische Messer-
gebnisse während der Trocknung der levitierten Tropfen zu erzielen. Dafür wurden
Lösungen von zwei unterschiedlichen Proteinen für die Experimente verwendet: Ly-
sozym aus Hühnereiweiss, welches ein kleines Protein mit einem hohen Grad an
α − helikaler Struktur ist und IgG aus humanem Serum, welches ein großes Mo-
lekül mit weniger α-helikalen Strukturen darstellt. Mit den Untersuchungen der
Lysozym-Tropfen konnte gezeigt werden, dass während des Trocknungsprozesses ei-
ne Veränderung in der Amid I Bande des Raman Spektrums aufgetreten ist. Diese
Veränderung lässt die Schlussfolgerung zu, dass α-helikale Strukturen während der
Trocknung abgebaut wurden und gleichzeitig der Gehalt an β-Faltblatt-Strukur in
den Lysozym-Molekülen zunahm. Obwohl IgG-Moleküle nur einen geringen Gehalt
an α-Helices in ihrem Nativ-Zustand aufweisen, war es möglich auch hier Verände-
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rungen im Raman Spektrum zu detektieren. Diese deuten darauf hin, dass auch im
IgG-Molekül strukturelle Veränderungen während der Trocknung aufgetreten sind.
Aus diesen Ergebnissen kann man folgern, dass die Raman Spektroskopie mit dem
dargestellten Versuchsaufbau geeignet ist, einen Einblick in die strukturellen Verän-
derungen von Proteinen während der Trocknung levitierter Tropfen zu geben.
Im zweiten Teil dieser Arbeit wurde untersucht, wie die Verdunstung des Wassers
aus dem trocknenden Tropfen gemessen werden kann und ob sich diese Methode
außerdem zur Bestimmung der Restfeuchte in einem levitierten Partikel eignet. Die
Klärung dieser Frage ist von entscheidender Bedeutung für das detaillierte Verständ-
nis der Inaktivierungskinetik von Proteinen während der Trocknung. Die Restfeuchte
in den Proteinpartikeln beeinflusst die Proteinstruktur und somit auch die Stabili-
tät und Wiederauflösbarkeit der Moleküle. Man geht davon aus, dass die Auflösung
dieser Fragestellung auch zur weiteren Aufklärung der Trocknungskinetik von levi-
tierten Tropfen beitragen würde. Denn der Trocknungsprozess ist zu dem Zeitpunkt,
wenn die Partikeloberfläche die Temperatur der Trocknungsluft erreicht, noch nicht
beendet. Es konnte bisher in Untersuchungen nicht abschließend geklärt werden,
ob und wie viel Restfeuchte zu diesem Zeitpunkt im Partikel enthalten ist. Auf-
grund unterschiedlicher Materialeigenschaften und Partikelmorphologien, kann die
Restfeuchte in den Partikeln stark variieren. Die Methoden, die häufig zur Rest-
feuchtemessung in Feststoffen eingesetzt werden, sind nicht empfindlich genug um
die Restfeuchte in einem getrockneten Partikel exakt bestimmen zu können. Eine
in-situ Messmethode zur Bestimmung des Wasserdampfes in der Abluft würde zu-
sätzlich Informationen zu Trocknungskinetiken der Tropfen liefern. Deshalb wird in
diesem Abschnitt der Arbeit, eine Methode zur Messung der Luftfeuchte während
des Trocknungsprozesses untersucht. Ein Taupunkt-Hygrometer mit einer Empfind-
lichkeit von 0.1 °Cdp im Temperaturbereich zwischen 20 und 90 °C und relativer
Luftfeuchte zwischen <0.5 - 100 % wurde für die Feuchtemessungen während der
Trocknungsversuche ausgewählt. Für diese Untersuchungen wurde eine abgedichtete
Trocknungskammer konstruiert, die das Einbringen sowie Abziehen eines Tropfens
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/ Partikels erlaubt und zwei weitere kleine Öffnungen enthält, um einen Luftstrom
durch die Kammer zu erzeugen. In eine der beiden Öffnungen wird Luft mit re-
gulierbarer Temperatur und Feuchte hineingeströmt und durch die andere Öffnung
gelangt, die mit Wasser aus dem levitierten Tropfen angereicherte Luft, heraus.
Diese Luft wird zum Sensor des Hygrometers weitergeleitet um dort den Wasser-
gehalt zu bestimmen. Die Versuche wurden bei unterschiedlichen Trocknungsbe-
dingungen durchgeführt. Dabei wurden bei verschiedenen Trocknungstemperaturen
unterschiedliche Luftfeuchte-Verläufe gemessen. Alle aus den Luftfeuchte-Kurven be-
rechneten Tropfenvolumina waren jedoch höher als die Werte, die durch die Messung
der Tropfengröße zu Beginn der Trocknung mit der CCD-Kamera und anschließende
Volumenberechnung ermittelt wurden. Eine mögliche Erklärung für diese Diskrepanz
könnte der Injektionsprozess sein, während dem zusätzliche Feuchte in die Kammer
und somit zum Detektor eingebracht wurde. Der Start des Messprozesses und das
sofortige Verschließen der Trocknungskammer sofort nach dem Einbringen des Trop-
fens in die stehende Welle sollte verbessert werden, um genauere Ergebnisse erzielen
zu können. Die Informationen aus den Messungen mit dem Taupunkt-Hygrometer
können generell als eine gute Ergänzung dienen um die Trocknungskinetik von Trop-
fen im akustischen Levitator zu untersuchen. Für die Berechnung der Restfeuchte
in Partikeln ist das System in der hier vorgestellten Form jedoch nicht geeignet und
müsste entsprechend optimiert werden.
Im letzten Teil der Arbeit geht es um die Trocknungskinetik von Polymerdisper-
sionen. Das Ziel dieser Untersuchung war es die Eignung akustischer Levitation
für die Untersuchung von Trocknungskinetiken von Polymerdispersionen über und
unter der Mindestfilmbildungstemperatur (MFT) zu untersuchen. Dazu wurde eine
Polyacrylat-Latexdispersion mit einer geringen MFT (~ 5°C) und eine Ethylcellulose-
Latexdispersion mit einer hohen MFT (~ 81 °C) für die Versuche ausgewählt. Beide
Dispersionen enthalten unterschiedliche Tenside in verschiedenen Konzentrationen.
Mithilfe der durchgeführten Versuche konnte gezeigt werden, dass die unterschied-
lichen Tenside in der Dispersion auch einen Einfluss auf die Trocknungskinetik der
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Tropfen haben können. Während die Polyacrylat-Dispersion einen typischen ein-
stufigen Trocknungsprozess aufweist und die enthaltenen Tenside keinen Einfluss
auf den Trocknungsverlauf zeigen, sind die Tenside der Ethylcellulose-Dispersion
dafür verantwortlich, dass der Trocknungsprozess eine zusätzliche Stufe aufweist.
Dieser unterschiedliche Trocknungsverlauf wurde für alle gemessenen Konzentratio-
nen der Dispersionen und alle untersuchten Trocknungstemperaturen ermittelt. Es
wird angenommen, dass die erste Stufe des zweistufigen Trocknungsverlaufs durch
Tensid-Ansammlung an der Oberfläche der Tropfen erzeugt wird und die zweite Stufe
dem kritischen Punkt zwischen den beiden Trocknungsphasen entspricht. Ein weite-
rer Unterschied in der Trocknungskinetik wurde für unterschiedliche Konzentratio-
nen der Dispersionen festgestellt, jedoch trat dieser konzentrationsabhängige Unter-
schied nur bei der Polyacrylat-Dispersion die über der MFT getrocknet wurde auf. Es
wurde gezeigt, dass Tropfen mit höherer Startkonzentration weichere Kurvenverläu-
fe darstellten als Trocknungsverläufe, die aus niedriger konzentrierten Dispersionen
gemessen wurden. Versuche, die unterhalb der MFT der Dispersionen durchgeführt
wurden, wiesen keine konzentrationsabhängigen Unterschiede auf. Die Erklärung
für dieses Phänomen der flacheren Trocknungsverläufe der Polyacrylat-Dispersionen
lässt sich aus der Filmbildung der Latexpartikel während der Trocknung über der
MFT ableiten. Durch die Ausbildung eines kohärenten Films an der Oberfläche des
Tropfens wird die weitere Verdunstung des Wassers verhindert. Dies führt zu einem
verlangsamten Trocknungsprozess. Da die Latexpartikel der Ethylcellulose während
der Trocknung unterhalb der MFT nicht miteinander verschmelzen, kann das Was-
ser ungehindert bis zum Ende des Trocknungsprozesses verdunsten. Deutlich wird
dies durch einen steileren Kurvenverlauf im Trocknungsprozess, der eine schnellere
Trocknung gegen Ende des Trocknungprozesses darstellt. Dieser Erklärungsansatz
wird bestätigt durch zusätzliche Experimente mit Ethylcellulose-Dispersionen, des-
sen MFT mithilfe eines zugesetzten Weichmachers unter die Trocknungstemperatur
gesenkt wurde. Die Trocknungskinetik der plastifizierten Ethylcellulose-Dispersion
zeigte einen zweistufigen Trocknungsverlauf, bei dem die zweite Stufe einen deutlich
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weicheren Verlauf aufwies als im Trocknungsprozess ohne Weichmacher. Nach der
Trocknung wurden von den Partikeln Aufnahmen mithilfe der Raster-Elektronen-
Mikroskopie (SEM) aufgenommen, die ein Verschmelzen der Latexpartikel oder das
Nichtverschmelzen bestätigten. Diese SEM-Aufnahmen ermöglichten einen zusätzli-
chen Einblick in den Trocknungsprozess der Latexdispersionen, indem sie den Zu-
stand der Latexpartikel im getrockneten Teilchen, die Oberflächenstruktur und die
Morphologie der Teilchen darstellten. Mithilfe dieses projektes konnte gezeigt wer-
den, dass und wie die Trocknungskinetik durch Filmbildung von Latexdispersio-
nen beeinflusst wird, wie Trocknungsverläufe aussehen wenn kein Film während der
Trocknung ausgebildet wird und wie Substanzen, die in den Tropfen aufgelöst oder
dispergiert vorliegen die Partikelbildung und Formung beeinflussen können und so-
mit auch die Trocknungskinetik beeinflussen (Keil and Lee, 2016). Im Rahmen des
Projektes wurden auch Effekte kristalliner Substanzen auf die Trocknungskinetik
untersucht.
Die in dieser Arbeit ausgearbeiteten und aufgezeigten Ergebnisse tragen dazu bei,
die Einsatzmöglichkeiten der akustischen Levitation zu erweitern. Nichtsdestotrotz
bietet die akustische Levitation noch viel mehr Potential für weitere Einsatzmöglich-
keiten. Zukünftige Arbeiten sollten zum Beispiel weitere Methoden zur Bestimmung
der Restfeuchte in getrockneten Partikeln untersuchen und eine Methode etablieren,
um in-situ die Wasserverdunstung am Tropfen messen zu können. Eine vielverspre-
chende Methode hierzu scheint die Absorptionsspektroskopie mittels durchstimm-
barer Laserdioden (TDLAS) zu sein. Diese Messmethode ermöglicht feinste Mes-
sungen der Wasserkonzentration oder Konzentration anderer Lösungsmittel, indem
sie die Absorption der Substanz in bereits sehr geringen Konzentrationen messen
kann (Lackner, 2007; Druy, 2006). Ein weiterer Ansatz für zukünftige wissenschaft-
liche Arbeiten ist die Anwendbarkeit der beiden Methode zur Proteininaktivierung
(SEC+Detektoren und Raman Spektroskopie) auf weitere Proteine.
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